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Preface 


Temperature and its control is of fundamental importance 
in nearly all technical fields. Recognition of the value of this 
branch of physics in the training of students in physics, chem- 
istry, engineering, metallm*gy and ceramics is evident in the 
inclusion of courses in heat and temperature in the curricula 
of many universities. In a course in temperature measure- 
ment offered to students ©f diverse interests there is need for 
a textbook less formidable than the comprehensive treatises 
on thermodynamics and yet sufficiently general and rigorous 
to Justify its use as a college textbook. 

It is the purpose of this book to outline an experimental 
study of the methods of temperature measurement with the 
theoretical principles necessary for their appreciation, intelli- 
gent \ise and extension. Many of the advances which have 
been made in this field since the publication of “Pyrometric 
Practice” by the National Bureau of Standards (1921) are 
discussed with illustrations and references to the original 
papers. 

The course of study outlined here is of a practical and 
specialized nature. Yet it is earnestly hoped that the manner 
in which the material is presented will aid the student in 
attaining certain broad objectives which are common to all 
sciences : 

1. Acquisition of information in the field being studied and an understanding of 
its technical terminology 

2. Facility in the clear expression of ideas 

3. Skill in laboratoiy techniques 

4. Familiarity with reliable sources of information, and the ability to read 
scientific woi-k critically 

5. Interest in natural phenomena and the ability to recognize unsolved problems 

6. Ability to plan experiments and to draw reasonable conclusions from experi- 
mental data. 

The theoretical basis of temperature measurement is pre- 
sented in Part I. These chapters are necessarily so compact 
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that, on first reading, the student’s reaction may be merely 
the query, “So what?” Answers to this pertinent question 
are suggested in the laboratory experiments of Part II as well 
as in the numerical exercises. 

''Fhis l)ook presents the substance of a course offered (for 
Juniors) by the Physics Department of The Pennsylvania 
State (-ollege. One year of elementary physics is the pre- 
requisite. The course is given in one hour of recitation and a 
three-hour laboratory period each week for one semesttu'. 
The experiments have been developed and tested by actuaJ 
laboratory use over a period of years by an average of a, 
hundred students each year. The present book is a revision 
of a preliminary edition published under the title “Tempera- 
ture Measurement” (194!l). 

To Professor D. C. Duncan and Professor L. T, DeVore, 
who also have taught the course in Heat and Temperature 
Measurement, the author expresses his deep gratitude for 
their helpful criticism of the manuscript. 

Grateful acknowledgment is made of the helpfulness of 
Dr. H. T. Weilsel and Dr. H. J. Hoge, of the National Bureau 
of Standards, for suggestions relating to Chapters ff, 4 and 0; 
and to Dr. E. F. Mueller and Dr. E. C. ChTtenden, of the 
Bureau, for criticising Chapters 7 and 15, res]:)ectively. 

To the many individuals and instrument manufacturers 
who have contributed information and illustrations for this 
book the author is greatly indebted. Particularly helpful has 
been the cooperation of the Ix^cds & North]*up Company in 
editing parts of the text in connection with which the experi- 
ence of recognized instrument specialists seemed desiralffe. 
The sources of illustrations and tables are indicated in the 
text. Finally, my very special thanks go to J. L. Weber for 
assista,nce in the preparation of the manuscript and in tlie 
correction of the proofs. 


Stat33 College, Pa., 
August, 1941. 


E. L. W. 



Foreword 


At some stage in their making, practically all industrial 
products pass through one or more processes in which temper- 
ature is an important factor. Choice of method and instru- 
ments to keep the temperature within set limits may have a 
considerable bearing on product cost and quality, on con- 
tinuity of production and on life of capital equipment. 
Consequently, choice is not only of interest to operators, 
maintenance men, production executives and others directly 
concerned with a process, but to those responsible for market- 
ing and management. For these reasons, and also because 
of the need for reliable temperature data in the efficient 
generation of power, and in the regulation of air-conditioning 
systems for human comfort or control of a process, a knowl- 
edge of the fundamentals of temperature measurement and 
control should be of practical value to students in all branches 
of engineering. 

In developing methods and instruments to hold an ever- 
widening variety of manufacturing processes within increas- 
ingly-closer temperature limits, industry follows the lead of 
science. By insisting that the sound principles underlying 
laboratory measurements be applied in instruments adapted 
to the rough conditions of plant Use, it has advanced, step 
by step, from the early days of “spit and sizzle” to the 
modern, automatically-balanced potentiometer pyrometer. 
Among the first plant instruments were the hand-operated 
instruments of the laboratory. Their use led to the develop- 
ment of mechanisms to measure and to record temperature 
automatically. Then, motor-operated control devices . . . 
regulated by the recorders ... were developed to adjust 
heat-input automatically. 
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Today, when instruments are being selected ior a new beat 
process, or for a modified old one, the above historical develop- 
ment of the pyrometer is, in effect, often paralleled. In the 
laboratory stage of the development, hand-operated instru- 
ments are used to detei'inine critical temperatures. Then, 
in the pilot plant, where actual plant operations are developed, 
automatic recorders supply the data which will later form 
the basis for selection and adjustment of the automatic 
temperature control system which will be used in the final 
operating setup. 

That industrial instrumentation will continue to follow 
the lead of science and to proceed from manual to automatic 
methods, the student need have little doubt. Thermometers 
of the expansion, pressure and electrical-resistance types; 
millivoltmeters and potentiometer pyrometers for thermo- 
couple and radiation-type elements are all progressive 
developments which demonstrate that the laboratory device 
of today, in some suitable form, will be the industrial device 
of tomorrow. 

In this book, Dr. Weber has treated both the theory and 
practice of temperature measurements in a way which does 
credit to the instrument art and makes a distinct contribution 
to users and prospective users of temperature measuring and 
controlling instruments. 

C. R. Cary, 

Vice-President f 

Leeds & Northrup Compiiny. 

June 23, 1941. 
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PART I 


Principles Utilized in 
Temperature Measurements 

CHAPTER I 

Expansion Thermometry 

Evolution of Concept of Heat and Temperature. 
Development of Measuring Instruments. 

Heat and temperature 

Heat is a form of energy. A hundred years* ago this state- 
ment was regarded as a debatable hypothesis. It found 
verification in the experiments of Joule, Rumford, Davy, 
Mayer, Helmholtz and Colding in measuring the heat equiva- 
lent of mechanical work. This led to the formulation of a 
conservation of energy principle, explicitly stated by Helm- 
holtz in 1847, which, by gradual extension, has become an 
implicit part of all theory in the physical sciences. Our 
concept of heat, as an exact physical term, is defined as 
“energy that is transferred from one body to another by a 
thermal process.’* A thermal process means radiation, 
conduction, or convection— or a combination of these. 

Heat is an extensive quantity. It follows the law of addi- 
tion just as do length and mass. 

Our fundamental concept of temperature is obtained from 
the sensation of warmth or cold which we experience upon 
touching any object. Such expressions as: ice-cold, cool, 
,1 '■ '■ 
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tepid, lukewarm, warm, hot, etc,, indicate that our qualita- 
tive appreciation of temperature precedes our use of numbers 
to characterize it. Our experience further tells us that when 
two similar bodies at different temperatures are placed in 
thermal communication (and cut off from such cominunica- 
tion with all other bodies) the hot body becomes colder and 
the cold body becomes warmer, until the two reach a thermal 
state or temperature which, judged by our senses, is the same. 
However, our idea of what takes place during this equaliza- 
tion of temperature is obtained only after considerable rea- 
soning to generalize a great mass of quantitative data. 

Our observation then, plus our concept of heat exchange 
as an energy transfer, enables us to say that in the equalization 
of temperature, heat passes from the hotter to the colder 
body. In seeking for a definition of temperature, therefore, 
we find it difficult to improve on the one given by Maxwell, 
which is ‘‘The temperature of a body is its thermal state 
considered with reference to its ability to communicate heat 
to other bodies.” 

Of two bcfdies having different temperatures, the one 
which communicates heat to the other is said to be at the 
higher temperature. In devising temperature scales its tem- 
perature is customarily, though not necessarily, assigned the 
greater number. 

Suppose we have a body A which can communicate heat 
to a body B, i.e., A. is at a higher temperature than B. Exper- 
ience shows that if a third body, a thermometer, is placed 
in intimate thermal contact with B (the colder) and allowed 
to remain there until all heat transfer between them has 
ceased, the thermometer, when now placed in contact with 
A will, in general, receive heat from the latter. Conversely, 
if the quantity of heat which a body A can communicate 
to a particular thermometer is greater than that which ii 
can communicate to that same thermometer, then A will 
ill general be able to communicate heat to B. When this 
is not the case certain difficulties must be faced. 
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If a piece of platinum is placed in a stream of illuminating gas the 
platinum will get hot even though it and the gas were initially at the same 
tempei-ature. The platinum will catalyze the combination of the gas wnth 
oxygen even at room temperature. In fact gas lighters have been made 
using this principle. The transfer of energy from the cold gas to the 
platinum is not a simple thermal process but involves a different kind of 
process, a chemical reaction. A bare platinum thermocouple or a bare 
platinum resistance thermometer, therefore, cannot indicate the temper- 
ature of a gas or of a flame. The measurement of flame temperatures wdii 
be discussed later (Chap. XIII and Exp. 17). The present discussion is 
limited to cases in which the bodies to which temperature numbers are to 
be assigned are free of all electrical and chemical changes and in which the 
introduction of the temperature measuring device does not give rise to sucli 
changes. 

Having identified heat with the internal molecular energy 
of a body, it is natural to try to devise- a measure of heat 
in terms of, say, average molecular kinetic energy. But- 
attempts to assign dimensions^ to temperature on the usual 
mass-length-time system of dimensions have not been suc- 
cessful. Hence it may be expedient to define temperature 
as itself one of the (arbitrary) fundamental dimensions. 
Another viewpoint is possible. According to it, temperature 
is dimensionless, since the operation of measuring temperature 
always reduces to a dimensionless ratio of lengths, pressures, 
etc. Either viewpoint implies that when the statement 
“heat is energy” is written as an equation, it includes a 
dimensional constant. 

Temperature scales 

Temperature can be measured only by indirect methods, 
generally by transferring heat to an instrument designed to 
respond to the energy so transferred. Any gross physical 
Xjroperty which changes with temperature in a reproducible 
manner can, at least in principle, be used to measure tempera- 

^ A. G. Worthing, Am. J. Physics, 8, 28 (1940). 

R. C. Tolman, P%s. 9, 237 (1917). 

P. W. Bridgman, The Logic of Modem Physics, New York, 1928, pp. 117-124. 

L. Balamuth, H. C. Wolfe and M. W, Zemansky, Ain. J. Physics, 9 , 199 (1941). 
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Temperature Measurement 

tiire. Changes in the properties listed in Table I have been 
found most useful for practical temperature measurement. 

I'lic process of assigning numbers to temperatures is 
|)artly analogous to the process of marking divisions on a tape 
measiu'e. The zero is arbitrary. The scale is continuous, 
that is, an infinity of thermal states can, l)e represented 
l>et\veen the arbitraiily-chosen fixed points. 

To assign numbers to temperatures we select (i) some 
suitable substance, then (ii) some property of this selected 
therraometric substance, and finally 4iii) some function relat- 
ing the temperature to this property. The temperature 
scale so defined will be only one of a large number of possible 
ones. It will depend in general on all three selections — the 
thermometric substance, the property and the function. 
Any such thermometric device ceases to be useful for defining 
a scale if its thermometric property ceases to change as heat 
is abstracted from it or if it undergoes such clianges owing to 
use that, when it returns to its original thermal state after 


TABLE I 


Tkermometrio substance 

'I'l icrmometric property 

Symbol 

Gas or vapor at constant volume 1 

.Fre.ssure 

P 

Mercury in glass capillary 

Volume ! 

V 

Hatinum wire 

Electrical rosistan<!e 

R 

Thermocouple ' 

Thermal e.rn.f. I 

E „ 

Dilatometer or bimetal strip 

Length 

, , L . 


such use, it gives a reading dilfering significantly from the 
original one. 

Suppose we select as basic fixed i)oiiits the melting point 
of ice and the l)oiling point of water, each at a pressiu'e of 
one standard atmospliere, and assign to them the numbers 0 
and 100, respectively. We can define a scale by making 
equal increments on the scale correspond to equal increases 
in length of a tungsten rod. Thus 50° would be the tempera- 
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ture at whicli the length of the rod is halfway between its 
length at 0° and its length at 100°, or in general 

, „ Qo , 

. ^ (ii„„ -io)/100 

Are the degree intervals on this scale equal? Experience 
shows that the length of a rod of copper will be halfway 
between its length at 0° and its length at 100° at a tempera- 
ture which on our tungsten rod expansion centigrade scale 
is 54°. If we divide up the interval in proportion to the 
change in electrical resistance, the resistance scale based on 
copper will agree with the expansion scale based on tungsten 
to within a very small fraction of a degree. The resistance 
scale based on tungsten agrees with none of the other three. 
Which property divides the scale equally ? Which material ? 
Aside from this, the linear function chosen, even though the 
simplest choice, is entirely arbitrary. 

This illustrates a fundamental property of temperature 
which is often lost sight of, namely that temperature is an 
intensive and not an extensive quantity. There can be no 
unit temperature interval, which can be successively applied 
to measure any other temperature interval as can be done in 
the measurement of such a quantity as length. The size of 
a degree on one part of a scale, no matter how defined, can 
bear no relation to the size of a degree on any other part 
of the scale. 

The various temperature scales that have been and still 
are in use differ in the thermometric substance employed, 
the thermometric property utilized, or in the function selected 
to represent the relation between the property and the 
temperature. Scales which differ in either of the first two 
features are fundamentally different. The difference bet’ween 
two scales, which differ only in the function chosen, is only 
superficial, because conversion from one scale to the other is 
merely a matter of the calculation and can be made with 
mathematical precision. Changing the numbers assigned 
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to the -fixed points makes no real change in the character of 
the scale and is perhaps the simplest way that the interpola- 
tion function can be changed. Thus we have the centigrade, 
Fahrenheit and Reaumur scales, on which the fundamental 
interval from the ice point to the steam point is divided, 
respectively, into 100, 180, and 80 intervals of 1° each. In 
the original forms, the ice point was designated, respectively, 
0°C., 3^°F. and 0°R., and conversion from one scale to the 
other is made as follows: 

n°C. = (0.8n)°R. = (On, - 3g)°F. 

It is sometimes convenient to increase all the numbers 
for temperatures on these scales by a suitable, constant 
amount, in order that the lower limit of temperature (“abso- 
lute zero”) shall be designated as 0°. The amount by which 
a scale should be increased to accomplish this result depends 
upon the thermometric property and cannot be known 
exactly, since it must be experimentally determined. How- 
ever, since the amount by which a scale has been shifted in 
any given cas^ is known, this shift can be taken care of with 
mathematical precision. 

In contrast, two scales which employ either different 
thermometric substances or different thermometric properties 
differ by an amount which can be determined only by experi- 
ment. If the same basic fixed points are employed tlie scjiles 
will necessarily agree at these points, but not at other points. 
Two scales, both based on the apparent expansion of mercury 
in glass, will differ unless the kind of glass used is the same. 
The scale based on the change in pressure, at constant 
volume, of a definite mass of nitrogen differs from the scale 
based on the change in volume of the same gas at constant 
pressure. The constant- volume nitrogen scale with initial 
pressure (at the ice point) of 500 mm. Hg differs from the 
constant-volume nitrogen scale with 1000 mm. initial pressure. 

The ideal temperature scale would be one which made use 
of a property so selected that the scale would not depend 
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on the thermometric substance. Such a scale would serve 
throughout the entire temperature range, since no limitations 
due to failure or breakdown of any substance 
would be met. The only scales of this kind that 
have so far been devised will be described in 
Chap, XII. 

Early air thermometers 

The first approximate thermometer or ther- 
moscope was probably inyented by Giambattista 
della Porta (1511-1615), although it is gener- 
ally attributed to Galileo (1561-1612) who used 
it about 1597. Air was confilned in a bulb con- 
nected to a vertical tube in which moved an 
index of colored alcohol (Fig. 1). The air was 
practically at the constant pressure of 1 atmos- 
phere. This design inaugurated the constant pressure, vari- 
able volume thermometer and also the idea 
of multiplying a dilatation geometrically. 
About 1620 Cornelius Drebbel,* a Dutch peas- 
ant, invented the form of thermometer 
shown in Fig. 2. In 1702 the physicist- 
inventor Ainontons designed a constant vol- 
ume air thermometer. He proposed to define 
temperature ratios in terms of the correspond- 
ing pressure ratios; T 1 /T 2 = Pi/p-a* He as- 
signed numerical values to temperatures 
taking as an arbitrary reference point water 
boiling under a pressure of 1 atm. Ainontons’ 
advanced ideas wmre long in receiving recog- 
nition, but the instrument thus conceived later 
became the standard gas thermometer. 

Early liquid thermometers . 

Water thermometers were used at the beginning of the 
17th Century. Galileo (1611) constructed an open spirit 



Fig. 2. — Drebbel 
therrnoHCope. 



Fig. 1.— 
Galileo tlier- 
moscope. 
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thermometer. By 1630 the Academic florentine delCimento 
used a sealed type which permitted measurements of higher 
temperatures and made the readings independent of baro- 
metric pressure. When mercury was first substituted for 
alcohol about 1680 many of the difficulties of liquid ther- 
mometry were resolved. Mercury is easier to obtain pure. 
Its useful range is greater. Because it is opaque and brilliant 
the position of a mercury column is easy to read. The 
variable expansion of the envelope and the arbitrary nature 
of the calibration were the principle difficulties which remained 
in the application of liquid thermometry. 

Joachim d’Alence wrote one of the earliest treatises^ 
in which he mentioned as so-called fixed points for the calibra- 
tion of thermometers, the temperature at which butter 
melts, the temperature of a very deep cellar, and the tem- 
perature of a mixture of ice and salt. 

About 17i24 Fahrenheit, a Danzig glass blower, popularized 
mercury thermometers by constructiug them with scales 
in good agTeeinent among themselves. Previously ther- 
mometers usually had been supplied with only two reference 
marks, or none at all, and hence were useful only for qualita- 
tive comparisons. Fahrenheit took for the zero of his 
thermometer the temperature of a mixture of ammonium 
chloride and ice, while the normal human blood temperature 
served as the upper reference point. Reaumur (17.30) s(dected 
the fixed points suggested by Olaf Romer (170'2), the freezing 
point and boiling point of water, and divided the interval 
into 80 equal parts. Celsius (1743) divided the same interval 
into 100 parts, assigning 0 to the boiling point and 100 to 
the freezing point. A year later Linne and Btromer reversed 
this designation and established what is today called the 
Celsius scale. Table II is a comparison of the scales in 
common use. 


^ Trailttz lies baromeires, thermomhtrea et notioirdtres, Amsterdam 1(188, translated 
by E. II. Brown and A. C. Brown, BuU, Am. Ceram, Soo„ 13, 335 (1934). 
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The Fahrenheit thermometer is used today in Eiigiish- 
speaking countries. The Reaumur thermometer is used in 
eastern Europe and is also commonly used in Germany 
where the Centigi-ade scale is the legal standard. The Centi- 
grade scale is in general use for scientific work and tends to 
become more widely adopted. 


TABLE II 

CoMMOK Thebmometek Scales 



Fahren- 

heit 

Reaumur 

Centigrade 

(Celsius) 

Centi- 
grade ab- 
solute or 
Kelvin 

Fahren- 
heit ab- 
solute or 
Ranlcine 

Symbol 

°F. 

°R. 

°C. 

°K. 

”R/ 

Temperature in condensing 






steam 

212 

80 

100 

373.16 

671.69 

Temperature in melting ice. 

32 

0 

0 

273 . 16 

491.69 

Temperature at absolute 






zei’o 

-459.69 

-218.53 

-273.16 

0 

0 

Number of divi.sions in the 






fundamental interval .... 

180 

80 

100 

100 

180 

Country of origin 

Germany 

Prance 

Switzerland 

England 

England 


For meteorological purposes thermometers are required 
to indicate the maximum and minimum temperatures to 
which they have been exposed during a certain period. 
Maximum thermometers and minimum thermometers were 
first prepared by Cavendish (1760). James Six constructed 
a combined maximum and minimum thermometer in 1783. 
This type (Fig, 3) is provided with two scales increasing in 
opposite directions. The maximum and minimum tempera- 
tures are indicated by the positions of small iron indexes 
in the vertical tubes which are moved by a rising column of 
mercury but which are prevented by friction from moving 
when the column falls. The indexes are reset with the aid 
of a small magnet. Modern Six thermometers use beech 
creosote as the thermal-reacting fluid and mercury as the 
temperature-indicating fluid. 
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Beckmann tkermometers are used to measure accurately 
small differences in temperature. The stem is graduated 
to show a few degrees only, and each degree is subdivided into 



Fig. — Maximum-minimum ther- Fig. 4. — Bcckmaim thei-mometei- 

morneter. {Central Scientific Co.) 

hundredths. The top of the tube is bent over so as to form 
a chamber into which some of the mercury may be shaken 
(Fig. 4). Sufficient mercury is left in the bulb to enable the 
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lower temperature to be read. The higher temperature is 
then read, and the difference in the readings gives the required 
difference in temperature. Such thermometers have the 
advantages of greater sensitivity without the necessity of 
employing a very long stem. 

Since the middle of the last century, technical and scientific 
demands have required improvements of thermometers to 
attain higher temperature ranges, greater accuracy and 
more rapid response. 

Liquid thermometers * 

Mercury and other thermometric liquids differ in capillary 
effect and in so many other characteristics that it is customary 
to make an arbitrary distinction between mercury ther- 
mometers and liquid thermometers in discussing thermometry. 

Correction for emergent stem of thermometer 

If the mercury thread of a thermometer is not at the same 
temperature as the bulb, the emergent stem correction may 
be too large to be neglected. The correction for the emergent 
stem may be computed from the formula : 

Stem correction = Kn{tb — 4) 

K = Factor for relative expansion of mercury in glass, 
0.00015 to 0.00016 for centigrade thermometers, 
0.000083 to 0.000089 for Fahrenheit thermometers, at 
ordinary temperatures, depending upon the glass of 
which the stem is made. For ordinary calorimetric 
thermometers graduated on the Fahrenheit scale, the 
value K = 0.000085 may be used. 
n = number of degrees emergent from the bath. 

4 = temperature of the bulb. 

4 = mean temperature of the emergent stem. 

Effect of filling gas 

Distilling of the thermometer liquid is prevented by the 
addition of a gas whose pressure elevates the boiling point. 
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To avoid reaction with, the liquid, dry nitrogen or hydrogen 
is generally used as the filling gas. Air or carbon dioxide 
is not suitable. By this device, and by using a quartz 
envelope, the range of a mercury thermometer can be extended 
from 360® to 600°C. The pressure p of the supernatant gas 
is not constant for a given thermometer, due to (i) variation 
of g as pressure with temperature: pt — + Oit)’, (ii) 

variation of volume of indicating liquid with temperature: 
pv ~ po'^h) (iii) irregular dependence of volume on tempera- 
ture and pressure due to the elasticity of the glass envelope; 
(iv) compression of the thermometric fluid, often very different 
at different pressures and temperatures; (v) absorption or 
reaction of gas with glass at different pressures and tem- 
peratures; (vi) diffusion of gas through walls. 

If is the coefficient of compressibility of the liquid, 
at, its cubic expansion coefficient, and cta the cul)ic expansion 
coefficient for the gas (approximately Yiiz deg. C.), the 
change in liquid volume due to a change in gas pressure in a 
rigid envelope is 

Arj = = ^po{\ + + oLd) 

The net rate of change of volume with temperature is 
dv 

+ ad) — Avt, 

Calibration over the entire scale, not merely at a few fixed 
points, is necessary due to variations in capillary diameter 
and variations in the expansion coefficient of an organic 
liquid. 

Indicating liquids 

Liquids commonly used in thermometry are listed in. 
Table III. Freezing and boiling points depend on the 
impurities present. Many thermometers contain mixtures 
of these liquids or have color added. 
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For low temperatures organic substances ordinarily not 
liquid at room temperature are used. For high temperatures 
gallium-in-quartz thermometers are serviceable to 1000°C. 


TABLE III 

Liquids Used for Thermometry® 


Name 

Formula 

Expan- 
sion 
coeffi- 
cient oc 
atl 8 °C. 

Freezing point 
°C. 

Boiling point 
°C. 

1 . Methyl alcohol. , , 

CH 3 OH 

0.00122 

- 93.9 to - 97.8 

64.2 to 66.0 

2. Ethyl alcohol . . , , 

CaHfiOH 

.0011 

-111.8 -117.3 

77.7 78.4 


CoHrOH 96% 




4. Propyl alcohol. . , 

C 3 H 7 OH 


-127.0 

97.2 97.4 

5. Butyl alcohol. . . . 

CJI 9 OH 


- 79.9 

34.5 

6 . Amyl alcohol .... 

CfiHuOH 

.00093 


137.0 137.8 


C2H4(0H)2 


— 11.5 — 15 6 

197.0 197.5 

8 . Petroleum 

. 00092 


9. Petroleum ether. . 





10 . Pentane 

C 5 H 12 


— 130.8 —147.5 

36.0 36.5 

11 . Pentane (tech.) . . 

1 Mixture 


below —200 


12 . Toluol. ......... 

CcHsCHs 

.00109 

- 92.4 -102.0 

109.2 110.6 

13. o-xylene..; 

CeH4(CH3)2 


— 27.1 — 45.0 

142.0 145,0 

14. m-xylene 

Cf,H4(CH3); 

.00101 

- 53.0 - 54.8 

139.0 

15. Acetone 

C0(CH3)2 

.00131 

- 93.9 - 94.9 

56.3 

16. Aniline. ......... 

CaHfiNHa 

.00085 

- 6.0 - 8.0 

183.8 

17. Creosote (beech 





wood) 

Mixture 


, 

— 25 — 45 

210 

18. Carbon disulphide 

CS 2 

.00121 

-113.0 

40.0 

19. Mercury. 

Hg 

.000181 

- 38.87 

356.7 


In time the thermometer liquid may suffer polymerization 
resulting in a contraction and a lowering of the zero point. 
Such change is often apparent through discoloring of a 
formerly clear liquid. The average depression of the freezing 
point of 8 thermometers tested by Grundmann after 41^ years 
was 0.73°C. Such change is hastened by exposure to light, 
especially ultraviolet radiation. In fact in the same tests 
a change of 0.9°C. was produced in 150 hr. under an ultra- 

® W. Grundmann, Glas u. App., 17, 59 (1936). 
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violet lamp. Gradual contraction of the thermometer glass 
with time partially compensates for the depression of the 
zero due to polymerization of the thermometer liquid. 
Exposure to suitable light and heat treatment before calibra- 
tion hastens the establishment of an equilibrium and permits 
thermometer calibrations which are more permanent, as 
has been shown experimentally. The chief disadvantage 
of liquid thermometers as compared with mercury ther- 
mometers is that in time they develop a relatively larger 
depression of the zero. ^ 

Thermometer lag 

A thermometer is in equilibrium with the material whose 
temperature is to be measured only when an equilibrium is 
established for both heat conduction and radiation. Measure- 
ment of atmospheric temperature is influenced by the color 
and surface of the thermometer. A free-hanging ther- 
mometer attains an equilibrium with its entire surroundings 
including the varying radiation. Hence for measuring 
atmospheric temperature a thermometer shielded from radia- 
tion is used. The air temperature is defined as pro|n)rtionai 
to the kinetic energy of its molecules only and not that of a 
volume of radiation. 

The thermal conductivity of the glass envelope of a 
radiation-shielded thermometer depends on the form, surface, 
weight, material, thickness and conductivity of the envelope 
and on the convection around the thermometer. The rsite 
of heat exchange between a thermometer and its surroundiiig 
increases with increase in its surface A, with decrease in its 
total heat capacity MC, and with increase in its outta’ coiu 
ductivity K. 

The lag of the temperature T" indicated by a thermometer 
in material of constant temperature T, assuming the inner 
conductivity very large, is given by 

T - T' - 

” KA dt ~ “ dt 


( 1 ) 
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Here d'T' fdt is the change in temperature per minuCe and 
a is defined as the lag coefficient of the thermometer. In 
integrated form, Eq. 1 becomes 

T - T' = {T - T,)e~^ (2) 

Ti is the initial temperature of the thermometer. Nernst 
called T = Z" (for t = <x>) the convergence temperature. 
The ideal of a thermometer without lag is approached by 
very small thermocouples and resistance thermometers of 
small heat capacity. • 

Table IV shows that for common thermometer fluids 
the product pC is practically constant. It follows from 
Eq. 1 that mercury and liquid thermometers of the same 
form have nearly equal lag. 


TABLE IV 

Thermal Capacity of Thermometer Fluids® 


Material 

Thermal capacity C 

Density p 

pC 

cal./gm. °C. 

gm./cm.® 

Glass 

0.19 

2.5 

0.47 

Mercury 

1 .033 

13.6 

1 .45 

Ethyl alcohol 

.58 

0.79 

.46 

Amyl alcohol 

.50 

.81 

.41 

Toluene 

.41 

.89 

.37 


The integral of Eq. 1 is 

iog(r-r)=loga'-^log. = a-~^ (3) 

The use of this equation in the experimental calculation 
of a is illustrated by Table V, which contains data for a 
creosote-filled thermometer whose bulb has a diameter of 
15,1 mm. and length 24.5 mm. 


•’ W. Grundrnann, Glas u. App., 17, 59 (1936). 
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It IS probably better to use a liquid whose lag coefficient a 
is rather large but constant over the region of measurement 
in prefei’ence to a liquid having a small but variable lag 
coefficient. Alteration, of a with time, due to viscosity 
changes, generally can be avoided by appropriate pre-treat- 
ment of the liquid, i.e., by thermal massage. 


TABLE V 

Expekimental Evaluation of a 


T°C. 

T °C.' 

, 

t min. 

log(r-r) 

-5.0 

35.0 

0 

1.00 = a 

-5.0 

30.0 

0.08 

, „ , 0 . 03 

1 . 54 = a — — — ' 




a 




. , 0.08 

-5.0 

S5 . 0 

.18 

. 1.48 = tt 




a 




, 0.13 

- 5 . 0 

20.0 

. 30 

1.40 = a - — 



■ 

a 




0 . 05 

-5.0 

- 4.0 

2.21 

0 . 00 =■-■ a - — - 




a 




a - 0.62 


Influence of coloring material 

Most thermometric liquids (Table III) are colorless. 
When a dye is added to increase the visibility of the meniscus 
it may introduce new sources of error. Contamination of 
the capillary and decrease in the bulb size result in an elevation 
of the zero. Chemical reaction with the glass capillary or 
the formation of a solid solution increases adhesion in the 
capillary and hinders smooth recession of the li(|iiid column. 
Hence precision thermometers use colorless or lightly-colored 
liquids. Coloring matter may serve as a catalyst for physical 
or chemical changes, mostly those influenced Viy light absorp- 
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tion. This is especially apparent in thermometers whose 
liquid contains acetone. 

One type of thermometer avoids these errors by coloring 
a strip of glass rather than the liquid. Figure 5 shows a 
section of such a tube.^ Behind the capillary bore is a red 
or blue strip backed by a broader one of white or yellow. 
An observer at A sees red only when 
there is liquid in the bore. Rays 1, 

2 and 3 are totally reflected from that 
part of the bore which is ^mpty. 

Influence of alteration of thermometer 
glass 

The physical properties of different | 
types of glass depend chiefly upon their 
composition and heat history. Glass 
is a super-cooled liquid. Alterations 
in the solution are dependent upon 

^ ^ mometer. 

temperature and previous thermal and 

elastic working of the glass. By heating to 450-500°C. and 
cooling slowly (or by rapid heating and cooling for many hours) 
one tries to establish an equilibrium that will prevent further 
shrinking of the glass. However, a completely stable 
equilibrium independent of temperature is scarcely possible. 
In time the glass attains equilibrium at each temperature, 
but for large changes in temperature it is more or less dis- 
torted. In the reversible changes to whicb, the glass is 
subjected the volume attains a constant value only gradually 
after a sudden change in temperature. There exists also 
an irreversible change associated with the gradual change 
of the glass from an amorphous to a crystalline form, resulting 
in a decrease in volume and an elevation of the thermometer 
zero. A thermometer of unannealcd soft glass may experience 
a calibration change of 20°C. with prolonged heating, while 

^ Chem. Fob. 12, 403 (1939), from Kuhlenz and Remliardt, Vharm. Trtcl., 6, 310 
(1939). 
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the change may be 10°C. for one of unannealcd hard glass, 
A thermometer of hard sodium-free glass which has been 
annealed may suffer a zero elevation of about ().03°(h the 
first year and 0.01--0.02°C. the second year. 

Accuracy of liquid thermometry 

The principle sources of error in the installation and testing 
of thermometers are: 

Insufficient immersion. 

Lack of temperature equilibrium in the test bath. 

Sudden chilling and undercooling of the thermometer. 

Sticking of fluid particles in the capillary. 

Condensation in that part of the capillary not filled with 
liquid. 

Non-uniformity of the capillary bore. 

For work of high, precision it is necessary to determine 
whether the thermometer is sensitive tt) position, d'he 
density of mercury may .make the thermonxTer readings 
dependent on the angle the thermometer tube makes with 
the vertical. 

Table VI lists the maximum tolerances in thermometer 
scale errors allowed by the specifications of the National 
Bureau of Standards, the American Society for Testing 
Materials and the Physikalisch-Technische Ileichsanstalt. 
The NBS and PTR tolerances are for uncorrected scale 
readings. If they are exceeded by a thermometer under 
test, no certificate is issued, A thermometer which meets 
the specifications is calibrated at many temperatures and a, 
correction curve is drawn for its entire range. It is assumed 
that corrections from this calibration will be applied con- 
sistently to all readings taken with the thermometer. If 
this is done, the results obtained with the thermometer arts 
of course, more accurate than the tolerances listed. 

The ASTM specifications represent a different viewpoint. 
They require thermometer readings to have a certain accu- 
racy, without the application of scale corrections. In general. 
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TABLE VI 

Tolerances in Thermometer Scale Eeadings® 


Temperature 

Graduation 

Scale error tolerance 

range 

intervals 

NBS 

ASTM 

PTE 

-190 to -80 

.05, .1, or .9 



1.0 


.5 or .1 



3.0 

- 80 -90 

.01 or .02 



.05 


.05, .1, or .2 



.5 


.5 or 1 



1.0 

- 35 0 

.5 or .1 

.5 

. 1 to . 9 



.9 

.4 

.09 .5 


- 90 100 

.05, .1, or .9 



.95 


.5 or 1 



.5 


Greater than 1 



1.0 

/ Graduated not 





\ above 150: 





< 0 150 

.5 or 1 

.5 

.1 .2 


/ 

.2 

.4 

.09 .05 


' 0 100 

.1 

.3 

.01 .03 


/ Graduated not 





I above 300: 





] 0 100 

,5 or 1 

.5 

.1 ..9 


j 100 300 

.5 or 1 

■ 1.0 

' .9 .3 


1 0 100 

.9 

.4 

.02 .05 


\ 100 900 

.9 

.5 

.05 .1 


100 900 

.05, .1 or .9 



.5 


.5 or 1 



1.0 


Greater than 1 



9.0 

900 300 

.5 or 1 



9.0 


Greater than 1 



3.0 

300 400 

.5 or 1 



3.0 


Greater than 1 



5.0 


Graduated above 






300: 






0 300 

9 

9 

.9 .5 



300 500 

9 

4 

.5 1.0 



0 300 

.5 or 1 

9 . 

.1 .5 




4 

.2 .5 


400 700 

.5 or 1 



5.0 


Greater than 1 



9.0 


E. F. Mueller and R. M. Wilhelm, Proc. Am, Soc. Testing M aterials, 38, 1 (1938), 
493. 

W. Gnmdmann, 7L App., 18, 65 (1937). 
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tlie AS1.^M specifications call for a better tliermometer to 
attain a somewliat less reliable result than could be obtained 
by applying' corrections. 

Liquid-in-metal thermometers 

Liquid-filled deformation thernionieters are geiieraily 
of the Bourdon tube type. A 
flat metal tube, usually brass, 
of more or less ring shape is 
filled with liquid at a tempera- 
ture below the lowest temper- 
ature at which it will be used. 
With one end clamped (Fig. 
6), the motion dS of the free 
end is related to the tempera- 
ture t by 

Fig. (5. — Bo«r<ion-tub(! tliermometer. diS’ =- LIlo''dt (4) 

where 

' / sin'’ 0 sin (f) cos ((>Y 

and L = effective length of the Bourdon tube; a' == difference 
of volume coefficients of expansion of liquid and tube, respec- 
tively; 6 ~ central angle of arc; and (f> — 6 

For amyl alcohol in a brass tube a' = 8,7fi X 10“‘ at 
room temperature. The value of a' increases with tempera- 
ture. Alterations occur with time in both the liquid and 
in the tube. 

Bimetal thermometers 

A bimetal thermometer consists of strips of two metals 
having different expansion coefficients, riveted, sol<ku*ed or 
welded together. With one end clamped, the deflection dS 
of the free end is related to the temperature by 

dS __ 4>TJRa' . 

dt “ 586 ' 




Expansion Thermometry 21 

where L = effective length of the bimetal; a' = difference 

between the two linear expansion coefficients; 5 = 

the average of the two thicknesses. R and 0 have the same 
significance as in Eq. 5. In contrast with a Bourdon tube, 
(IS I dt for a bimetal is greatest for a straight strip (^ == 0). 

When the bimetal is made in a spiral form, dS jdt is greater 
than for a simple bimetal ring of the same heat capacity. 



Fig. 7.— Relative size of three type.s of bimetal elements having the same torque 
and deflection. {Weston Electrical Instrnmeni Corp.) 

But the force F for a spiral is much decreased compared with 
that of a single ring having the same mass or the same value 
of dSjdt. 

^ . MI . Mb^B 

where X = effective length; B == width; d — arithmetic mean 
of both thicknesses; Jlf == elastic modulus; I = moment of 
inertia of the cross section. 

Figure 7 illustrates the relative size of three types of 
bimetal elements having the same torque and deflection. 
In the multiple helix the several coils are additive in rota- 
tional deflection, but the axial displacement is mutually 
counterbalanced. 
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Tliermal lag depends upon mass and specific heat. For 
similar precision, a bimetal element can be made more com- 
pact than a Bourdon tube, and hence has a smaller lag. A 
bimetal element will withstand excessive high temperatures 
with less siibsecpient change in its scale than will a Bourdon 
tube, but if subjected to excessive low temperatures changes 
in the bonding material may result in irregular readings. 
A new bimetal thermometer shows considerable decrease in 
dS I dt over a period of time. This may be minimized by 
thermal massage before the thermometer is calibrated. 
Bimetal thermometers for industrial use have accuracies 
comparable to those of industrial mercury thermometers. 

Gas thermometers 

A gas, confined in a volume which is strictly constant 
and at uniform temperature throughout, exerts a pressure 
which is a function of the temperature. This pressure may 
be used to define a scale of temperature according to the 
equation 

p = cTf, (V constant) (7) 

where the subscript (f indicates that the scale depends on 
the kind of gas and on its density, and does not necxissarily 
agree with the thermodynamic scale (Chap, XU). Th<’! 
constant c is fixed by the condition that Tu increase by 100° 
in passing from the ice point to the steam point. '‘.Fhc 
constant c is equal to the product of the pressure coefBcient 
of the gas ^ and the pressure of the gas at the ice point 

To realize a definite gas scale of temperature it is necessary 
to take into account the fact that no actual gas thermometer 
quite fulfills the conditions expressed above. The volume 
always changes somewhat with changes in temperjitiire 
and pressure. Also there is always some gas in the capil- 
lary and other pressure-transmitting volumes Vi that is 
not in general at the same temperature as the gas in the 
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thermometer bulb. These facts make it necessary to work 
with the product 'pV in place of the single variable p of Eq. 7. 
Beferring to unit mass of gas, consider the equation 

pv = aTg (8) 

For any given value of v this may be made identical with 
Eq. 7 by making afv = c, so that there are exactly 100° 
between the ice and steam points. If a is kept fixed while v 
is allowed to vary, the temperature Tg corresponding to a 
given thermal state is no 'longer uniquely defined by Eq. 7, 
but may range over a narrow band of values whose width 
is proportional to the deviation of the gas from Boyle’s law. 
Evidently the ice-to-steam interval will in general be 100° 
only for one particular gas density. Let a be so chosen that 
the particular density for which this occurs is the same as 
the density of the gas in the bulb of a constant- volume gas 
thermometer. Then, if the total volume of the gas ther- 
mometer is V and the mass of gas contained is m, 

pV — maTg * (9) 

if the entire thermometer is at uniform temperature. If it 
is not at uniform temperature, imagine it subdivided into 
smaller volumes, each of which may be considered to be uni- 
form in, temperature. For the gas in each we may write 

pVi^miaTgi ( 10 ) 

and summing over all the volumes 

^ ^ ~ ^ ~ ^ ~ constant 

Separating and dropping subscripts on the important term 
which refers to the gas-thermometer bulb, 
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the prime indicating that one of the terms has been taken out- 
side the summation. Variations in the bulb volume may be 
taken into account by writing 

V - Vo{l + aT + + . . . + yj) + + . . . ) 

= F 41 +/(r, p)], 

the constants being determined by preliminary investigations. 
Substituting this expression in Eq. 11 and multiplying by 
Tg fVo, we obtain 

and putting Vo I A = C, 

= c + f{T, 

From this equation, Tg may readily be found by successive 
approximations since only the first term in the braces is 
large. In the calculations it is generally permissible to 
use Tg for T in finding the change in bulb volume with 
temperature. The change in bulb volume with pressure 
is in many cases negligible. The pressure-transmitting 
volumes, Fi, must be found by actual measurement, but 
their change with temperature and pressure may ordinarily 
be neglected. The temperatures 'Tgi which should be assigne<l 
to the transmitting volumes are really defined by Eq. 10. 
However, they are ordinarily measured with thermometers 
or thermocouples calibrated to give temperatures in approxi- 
mate agi*eement with the thermodynamic scale. With data, 
on the deviation of the gas from Boyle’s law one may calculate 
how the value of Tgi corresponding to a given thermal state 
will vary as the gas density is changed. For most gases 
this variation is small, seldom more than a few hundredths 
of a degree throughout the range of densities likely to occur 
in a gas-thermometer system. Hence, since the Tg/s occur 
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only in small correction terms, it is generally permissible to 
replace tliem directly with thermometer and thermocouple 
indications oiT. 

Experimental determination of the constant C requires 
in principle that p be measured at both the ice and steam 
points. In many instances it is better to determine C from 
measurements made at a single point, employing the results 
of earlier investigations to insure the preservation of the 
100° ice-to-steam interval. It is worth-while to emphasize 
that when C is determin?ed without measuring the ice-to- 
steam interval, the gas-scale temperature Tg, rather than the 
thermodynamic temperature, T, of the calibration point 
must be inserted in Eq. 12. 

To obtain centigrade gas-scale temperatures from tempera- 
tures on the corresponding absolute gas scale, the temperature 
of the ice point on the latter scale must be subtracted, 
tg^Tg-Tgo 

Reduction of gas thermometer temperatures to the thermo- 
dynamic scale 

The most common method of reducing gas-scale tempera- 
tures to the thermodynamic scale is based on the assumption 
that when a gas is used at lower and lower densities, the 
corresponding gas scale approaches the thermodynamic. 
Data for helium which permit this extrapolation to zero 
density have been obtained both at the Reichsanstalt and 
at Leiden and tables of corrections based on these data have 
been published. These corrections are for a centigrade 
gas scale and are consequently zero at the ice and steam 
points. To facilitate a comparison of the results of the two 
laboratories, the corrections which they would obtain for 
the same gas have been computed® and are plotted in Pig. 8. 
The heavy line on this graph is a weighted mean of the two 
sets of values. 

® H. J. Hoge and F. G. Brickwedde, J. Research Nat. Bur. Standards, 22, 351 
(1939). 
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Types of gas thermometers 

Measurements made with a constant volume gas ther- 
mometer of simple type may be corrected for the effect of 
the change in volume of the container and for the effect 
of the pressure-transmitting volume by calculations of the 
type outlined in Exp. 1, In measurements of high accuracy 
this is usually accomplished by competition rather than by 
calculation. An auxilliary tube similar to the tube con- 
necting the thermometer bulb to its manometer is so arranged 

that the contribution of [Eq. 11] annuls the cor- 

responding term referring to the pressure transmitting volume 
of the thermometer proper. 

A modern precision gas thermometer is illustrated in 
Fig. 9. This is a double thermometer. H is the main 
manometer which is thermostated. M is an auxiliary 
manometer for the auxiliary thermometer A which deter- 
mines the mean reciprocal temperature of the capillary A', 
N is the manometer for determining the pressure in the steel 
cases surrounding the thermometer bulb B. 

Summary 

Temperatures are indicated in terms of easily-measured 
physical properties which change with temperature in a 
reproducible manner. Of these, expansion thermometry 
is concerned chiefly with the expansion of a gas, vapor, liquid 
or metal. The definition of a practical temperature scale 
involves the choice of easily-reproducible fixed points, the 
division of the fundamental interval into a convenient 
number of degrees and the choice of an arbitrary zero. 
Accuracy in liquid thermometry demands: (1) sufficient 
immersion, (5^) temperature equilibrium, (3) avoidance of 
depression or elevation of the thermometer zero by over- 
heating or undercooling of the thermometer, and (4) care 
in having the capillary of uniform bore — in short, using 
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the thermometer under the conditions for which it was 
calibrated. 
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Problems 


1, At what temperature does the Fahrenheit thermometer read (i) tlu; 

same, (ii) half, (iii) twice as much as the centigrade therinoinctcr ? 

2. Let Xo and Xtoo be the values of a thermometric property at the ic>c 

and steam points, and Xt its value at the temperature t. Then the 
temperature may be determined on the centigrade scale from 


;X,.:-(Xo 
Xioo Xo 


100 . 


Write the corresponding equation for the 


Fahrenheit scale. 

3. State several reasons why a mercury-in-glass thermometer may not be 
a reliable temperature standard. 



Expansion Thermometry 29 

4. A centigrade thermometer placed in a hypsometer containing* boiling 

water reads 98.0°C. The barometer reads 720.2 mm. of mercury. 
Find the boiling point error of the thermometer. 

5. A bridge made of steel (coefficient of expansion = 10.5 X 10“®) is 

300 ft. long. If the temperature changes from — 10°C. to 35°C. 
find the alteration in the length of the bridge. 

6. Does the value of the coefficient of expansion depend (i) on the units 

of length, or (ii) the temperature scale.!* Explain. 

7. A compensated pendulum consists of a thin metal tube of length I 

filled with a liquid to a height h. If the mass of the tube is negligible 
compared with that of the liquid, show that ^ == — %a), 

where a. — coefficient of linear expansion of the tube and 0 = coeffi- 
cient of volume expansion of the liquid. 

8. Find the change in density of iron when heated from 0°C. to 100®C. 

(coefficient of expansion — 3.550 X 10~® per deg. C.) 

9. A pyrex flask is calibrated to hold 1 liter at 0°C. How much will it 

hold at 100°C.? (Coefficient of linear expansion = 3.6 X per 
deg. C.) 

10. Show that the coefficient of superficial expansion of a solid is twice its 
coefficient of linear expansion. 

11;. A tire is filled with air at 60°F. to a gauge pressure of 30 Ib./in.® Find 
the pressure if the temperature of the tire increases to 120°F., 
assuming negligible volume change. , 

12. From Li = Lo{l + where a is the coefficient of linear expansion, 

derive an expression for the volume expansion. 

13. Show that the volume coefficient is approximately three times the 

coefficient of linear expansion. Interpret the approximation 
geometrically. 



CHAPTER II 


Heat Transfer 


Introduction 

“TKe science oMieating is one, of the oldest, most impor- 
tant and least progressive. This may be explained by the 
dual characteristics of apparent simplicity and real complexity 
of the production, transmission and transformation of heat.”^ 
It is the purpose of this chapter to examine the subject of 
heat transfer under the time-honored headings of conduction, 
convection and radiation; jind to reach 
Qij jQg some conclusions of practical value in the 

design of heat apparatus. 


X— T 


Conduction 


Thin parallel plate 

As a simple example of heat conduc- 
tion, consider a thin slat) of material with 
parallel faces, one at tempera,ture Ti the 
other at 1\ (Fig. 10). Intuition suggests, 
and experiment shows, that win an the tem- 
perature at every point has become steady, the amouni, of heat 
Q transferred across the slab in time t is directly ])roj)ortional 
to the temperature difference (Ti — T 2 ), the area A of tlu; 
surface, the time t, and inversely proportional to the thickness 
I, and depends upon the material. 


Fig. 10. — Conduc- 
tion through plane-par- 
allel plate. 


Q 


kMTi- T,) 
' I 


( 1 ) 


^ M. Veron, Chaleur et hid., 13, 598 -(1932). 
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While Eq. 1 is strictly valid only for a slab of elementary 
thickness di, it is an adequate approximation in many practi- 
cal problems. 

The coefficient k is characteristic of the material and 
is called its thermal conductivity. The units in which con- 
ductivity is expressed in the c.g.s. 
system are: calories per second per COOLING WATER 
square centimeter of area for a tern- j|[ ]|[ 

perature gradient of 1°C. per centi- 
meter (cal. cm."^ sec.""^ deg.“^ C.). 

By analogy with electrical resist- 
ance, the quantity I fk — may be 
called the thermal resistance of a unit 
cube. Thermal resistances of con- 
ductors in “series’* and “parallel” 
may be calculated from formulas 
analogous to those used for electrical 
resistances. 

Apparatus for measuring the ther- 
mal conductivity of poor and good 
conductors, respectively, is discussed 
in Exps. 7 and 8. Another simple 
method employing unidirectional flow 
which is capable of high accuracy is 
illustrated in Fig. 11. Heat is sup- 
plied electrically in a central heating 
plate H. Slabs S of the test specimen 
are placed symmetrically on each side 
of the heater. Outside these layers 
are plates cooled by flowing water. 

G is a “guard ring” heater to which ^ „ , . . , 

the power supplied per unit area can plate method, 

be independently controlled and 

measured. The heater G takes care of losses of heat from 
the edges of the specimen S so that for the area equiva- 
lent to that of H the equitemperature surfaces are sensibly 
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plane' Differential thermocouples ah serve to measure the 
fail in temperature (Ti — T 2 ) across a measured distance / 
in the material S. The conductivity is calculated from 

^ " JA(Ti - T 2 ) 

In this expression El is the electrical power in joules per 
second. J is the mechanical equivalent of heat, and A. 
denotes the common area of heater H and specimen. 


Three-dimensional flow 


Fourier’s detailed study of problems of heat flow was a 
notable contribution to physics and mathematics. The 
methods of analysis and the solutions he developed retain 
their importance in the study of heat, and, with merely a 



change in nomenclature, they 
have been adapted to fit ana- 
logous problems in electricity 
and magnetism. 

Let us consider the problem 
of deriving a differential equa- 
tion which will describe the 
conduction of heat in three 
dimensions ijiside an isotropic 
body. Choosing rectangular co- 
ordinates, consider a small rec- 
tangular parallelepiped (Fig, 12) 
with its edges parallel to the 


coordinate axes. Denote the temperature at the center of the 
element by T. The temperature at the left face is then 

T — 2 Tc 2 dr 

entering the element through the left face per second in the 

positive direction of the .r-axis is 


Ilf 


(3) 
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The heat leaving the element through the opposite face is 

Hence the net gain of heat per second in the volume element 
due to the x-component of the flow is the difference of Eq. 3 
and Eq. 4, or 

d^T 

Adding similar terms for the flux through the remaining two 
pairs of faces, the net amount of heat accumulated per second 
in the element is seen to be 


, fd^T , d^T , 


d^r \ 

dzV 


(5) 


This will produce a rise in temperature of the element equal 

d T 

to dT (dt and hence must be equal to pC 8x5yh where 

p is the density of the material and C its heat capacity. 
Therefore 


^ + dy^ + 


d^T \ __ 
dz^ J ~ dt 


( 6 ) 


Introducing the mathematical operator for the expression 

/ Qi Q2 02 \ 

^ substituting D ~ h jpC the general 

equation for heat conduction may be written 


DV'T = 


dt 


(7) 


Kelvin gave the name diffusivity to the constant D. It is 
apparent that it is an important factor in determining the 
velocity of a thermal disturbance through the medium. 

Bar, longitudinal flow 

In Exp. 8 no account is taken of the heat lost from the 
surface of the copper bar since it is small compared to the 
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quantity conducted along the bar. If, however, it is desired 
to take account of the radiation loss Qs (Fig. 13) the equation 
for conduction may be written 

JcA dx — pAdxC ^ 4- Eptdx 

Here E is the emissive power of the surface (energy radiated 
per unit area per second), p is the perimeter of a cross section, 
p is the density, C the specific heat and T is the excess of the 



Fig. 13. — Conduction along bar. 


temperature of the surface over its surroundings. Putting 
g = EpfpAC the equation above may be written 


dT d^T 
dt ~ ^ dx^ 


-pT 


( 8 ) 


This is the standard Fourier equation for one-dimensional 
flow of heat. A problem in thermal conduction along a rod 
consists in finding a solution of this differential equation for 
given, boundary conditions. 


Sphere, radial flow 

In the case of the sj^mmetrical flow of heat outward 
through a spherical conductor (Fig. 14) the quantity of heat 
flowing per second is 

, . . dT 

~47rr^ /r = constant (9) 

The variables r and T are separable. Integration gives 

T = - -B 

r 


( 10 ) 
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where A and T are constants to be determined from the 
boundary conditions. From T - Ti for r = ri and T = T 2 
for r = it follows that 



and 


- nil 
n — Ti 


( 11 ) 


Eq. 10 becomes 


Tl — T 2 , ^2^2 ~ 'i'lTi 

fa - 1% r r2 - Ti 


m 


which represents the temperature T at any distance r from 
the center of the spherical shell. 



Fig. 14. — Conduction through spherical shell. 


An electrical heater may be placed in the spherical cavity 
represented by Fig, 14 and if power is supplied at a constant 
rate until steady conditions are reached, the equations of 
the preceding paragraph are applicable. By differentiating 
Eq. 12 to obtain dT fdr aji expression for the energy supplied 
per second E//J (cal. /sec.) may be found, 
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Hence the conductivity of the shell may be calculated by this 
electrical method from 


/ _ T/(r2 - fi) 

~ - T^) 


(14) 


Cylinder, radial flow 

In a much-used method for measuring thermal conduc- 
tivity, energy is supplied electrically to a straight wire sur- 
rounded by a concentric cylindrical shell of the material 
being tested. To find an expression for h measured by this 
method we proceed as above, first getting an equation for 
the temperature T at a distance r from the axis of the cylinder. 



From Fig. 15 it is apparent that the energy leaving the 
cylindrical surface per second is 

Q /dT\ 

- = = constant (15) 

By integration 

T A log, r A- B ( 10 ) 

The constants of integration A and B are determined 
from the boundary condition; for r = n, T = h and for 
r = r-z, T ~ Tz. It follows that 


iTi:' 


T- 


T 
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Substitution of these values in Eq. 16 gives 


log, . + , niog.r,-r.log.r. 


For a steady state, the heat loss in calories per second per 
unit length of cylinder is 

^ = -%wrk^ = ~ (IS) 

jt or loge Ti — loge Ti T 

Hence the conductivity bf the cylinder may be determined 
from 

EUog/^ 

^ ~ %TrJl(T, - b) 


Convection 

Coefficient of convection 

The heat exchange between a fluid and a wall of uniform 
temperature is proportional to the area of contact, the 
difference between the two temperatures and the time, 

q = cA{T-T^)t (21) 

The constant e is called the coefficient of convection. The 
heat transfer depends upon more factors than the area, 
temperature and time which appear explicitly in Eq. 21. 
In this crude expression there are lumped together in c all 
such implicit factors as relative velocity; region of flow 
(turbulent or laminar) ; density, specific heat and conductivity 
of the liquid; roughness and form of the wall, . . . etc. 

Builders of heat apparatus have long used gross coefficients 
of convection, determined previously by experiment for 
apparatus of a similar type. This leads to satisfactory 
results under the limitations on {T — Tw) and on dQfdA 
met with in practice (for liquids which do not change state). 
In the attempt to calculate c as a function of the multitude of 
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factors previously neglected, the first step was the develop- 
ment of empirical formulas expressing the influence of velocity 
on k. These Jiad various forms: c = CQ-^r; o = Cq' Vv; 
c ~ Cq" + Cl each based on a comparativel.y narrow 
range of observations, none of them general. 

The application of dimensional analysis to the problem 
by Niisselt, Reitschel and Grober led to formulas in which v 
entered to the 0.8 power for turbulent circulation parallel 
to a wall and to the ^0.6 power for circulation perpendicular 
to a wall. , 


Lev^qne formula for c 

Lev^que developed a binomial equation which takes 
account of the effects of velocity, length and diameter on c 
in the practical case of fluid flow in a tube. A diffei'ential 
equation is written for turbulent flow, treating the velocity 
of the fluid at a particular point as resulting from a longi- 
tudinal velocity and a vortex velocity. The latter clianges 
sign with time, its average value being zero. To the term 
dT . ' 

^^~dl’ represents the effect of longitudinal velocity, 

dT 

there is added a term Vr to take account of transverse 
vortices, 


dr , ,dT s /d^T 
dl dr kp \dr® 


1 dT 
r d) 


) 




where s is the specific heat, k the conductivity and p the 
density of the liquid. 

As a first approximation we may take Vr' = 0 at the wall 
(r = R), and iT = —Iwi for r = 0. The constant h depends 
upon the roughness of the wall, diameter of the tube, its 
inclination, conditions of turbulence at the entrance and the 
nature of the fluid. At a point remote from the wall, 

,dT , T - 
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The approximate equation for turbulent flow becomes * 

dT , , T -T^ s (d^T \dT\ 

»l ^ + hVi Jt. - jtp ^ g,. j (-•>) 

Assuming v to be an elliptic function of ?% Lev^que obtained 
an expression for the average coefficient of convection c, 

-d ^ \d [vkpd , hvkpd 

To show the influence of velocity alone, this can be put in 
the form * 

G — av°-^ -{- bv (25) 

The curve of c ^ against is concave upward, and approxi- 

mates well the experimental curve — better than does'Niisselt’s 
formula c — At small vdocities the term in v 

(accelerated conduction) predominates in Eq. 24-, while for 
large velocities the term in v (turbulent transport) surpasses 
it. The density of the fluid (determined by pressure if it is 
a gas) influences the relative importance of the two terms. 
The first varies as Vp (or as Vp), the second varies as p 
(or as p). As the density increases, c approaches bv. 


Methods of improving convection coefficients 

The methods at our disposal for improving the values of 
convection coefficients will be considered briefly, in outline 
form. 


(a) Devices to improve direct transport of heat by vortices: 

Large specific heat of liquid, or conductivity for gas (increase with 
temperature). 

High velocity of circulation (increases with temperature). 

Choice of liquid whose density and specific heat are as large as 
possible. 

(&) Devices concerned with turbulence only: 

Choice of viscous fluid. 

Use of tubes of small diameter having rough surfaces. 

Eddies at entrance of canals, bends in circuit. 
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(c) Devices concerned with accelerated conduction only : 

Choice of fluid having good conductivity, yet having high viscosity. 
Choice of short tubes. (This is generally not feasible since it 

would necessitate too many tubes connected in parallel.) 

(d) Devices which improve vaporization: 

Removal from wall of bubbles of vapor which have poor con- 
ductivity, by giving liquid large velocity or vibrating wall. 

(e) Devices which improve condensation: 

Limit thiclcness of condensed liquid which forms a poorly-con- 
ducting sheath, by decreasing that dimension of the tube which is 
parallel to the flow. 

Decrease the amount of condensate wdiich first tubes deliver to 
lower tubes. 

Assure equipartition of fresh vapor among the tubes. 

(/) Devices which improve natural convection: 

Attain greatest possible value of T — to increase velocity of 
liquid 

Reduce vertical dimensions of heating surfaces. 

In general these considerations suggest the desirability 
of circulating permanent fluids (liquids or gases) if possible 
under pressure, always at high velocity, in narrow canals. 
These should not be numerous, hence must be long, to provide 
a large total surface. 

Radiation 

Mutual radiation of two surfaces 

In describing the reflection of heat, e.g., in a furnace, 
one is tempted to make the angle of reflection equal to the 
angle of incidence — a false analogy with the optics of polished 
surfaces. Energy radiated from a mat surface in any direc- 
tion varies as the cosine of the angle formed by that direction 
and the normal to the surface (Lambert’s law). It is inde- 
pendent of the angle of incidence of the radiation received. 

The heat exchange between two finite surfaces ))y niiituai 
radiation is, by the Stefan-Boltzmann law, given by 

( 26 ) 
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The /x-factors (of which p, is the average) are determined from 
the projection on one element of the solid angle through 
which it “sees” the other (Fig, 16). If this angle is a hemi- 
sphere, M = 1. 



Fig. 16. — Mutual radiation between two surfaces. 


Radiation and temperature 

Exchange of heat by radiation is governed by a law in 
— jTah Heat transferred by other methods (conduction 
and convection) follows at least approximately a law in 

f 1 ~ 

The quantity Ti^ — can be put in the form of a 
function of Ti — and one of the two factors: 1\ or T^x, 

^ f{Tx - T„ T,) or 

r ,4 _ ^ ^Ti\Ti - Ta) - ^Ti%Tx - 2^2)2 

+ 4Ti(Ti - T,y -~ {Ti - TxV (28) 
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The exchange of heat is seen to depend not only on the differ- 
ence between the temperatures of the two surfaces, but also 
on the value of at least one of these temperatures. 

By considering the variation of Ti^ — first as a 
function of Ti — T% then as a function of Tu we are led to 
several generalizations in the following cases. 

{a) Hot and cold temperatures not comparable {AT 

1000°C.): 

The heat radiated depends on Ti^, being practically 
independent of Ta, even" though Ta may not be, 
properly speaking, a “cold” temperature. This is 
the case of boiler furnaces where 2\ the temperature 
of the grate or radiating carbon particles is 1400 -j- 
a73°K., and the temperature of the receiving sur- 
faces (tubes) is 300 + 273°K!. if they are clean, or 
500 + 273°K, if they are covered with soot and 
scale. 

(6) Hot and cold temperatures comparable (A 7' several 
hundred degrees) : 

The influence of Ti — To (hence of Ti) can no longer 
be neglected compared to that of Ti. The heat 
transfer, much diminished, depends on the cold 
temperature as well as on the hot. This is the 
case with certain furnaces, heat exchangers, and 
condensers. 

(c) Hot and cold temperatures approximately equal 
{ATr^50°): 

As T I “ T 2 -~> 0 , the effect of Ti — Ti is preponderant 
and even eclipses that of Ti at low temperatures. 
The heat radiated follows then a simple law in 
Ti — Ti. This is the case of the walls in a building, 
hot water radiators, constant-temperature baths, 

■■ ■ etc. . 

Newton’s law, Q oz {Ti -* T 2 ), applies only to tempera- 
ture differences which are very small. 
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Summary * ' 

Heat is transmitted by conduction, convection and radia- 
tion, of which, the latter is the most important at high tem- 
perature. Newton’s law is applicable only when temperature 
differences are very small. The conductivities of materials 
are usually measured with specimens in geometrically-simple 
forms: rectangular prism, sphere, cylinder. The equation 
representing heat conduction in such a simple solid is derived 
by: (1) writing the equation for the flow of heat through an 
element of area, {%) integrating this to find the temperature 
as a function of a linear distance and (3) substituting this 
value of T in the Fourier equation, Eq. 8. 
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Problems 

1. In measuring the conductivity of cork in the apparatus of Fig. 11, the 

heater has faces of 200 cm’.^ area and takes a current of 0.46 amp, 
from a 6 V battery. Thermocouples in the cork read a temperature 
dijEference of 50°C. between points 5 cm. apart on the horizontal axis. 
Calculate the thermal conductivity of the cork. 

2. Derive an equation for converting a conductivity of X cal. sec.~^ 

cm.“^ deg.“^ C. to B.t.u. hr.“^ ft."® for a temperature gradient of 
1°F. per inch. 

3. A room has 4 windows each of area 2 m.® The glass is 0.25 cm. thick. 

What weight of coal (heat of combustion 7,000 cal. gm.“0 iieed be 
burned per day to maintain a temperature of 20°C. within when the 
outdoor temperature is — 10°C.? Comment on your answer. 
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4. Two thin concentric spherical siiells of radii 5 cm. and 15 cm. have 

their annular cavity filled with charcoal. When energy is supplied 
at the steady rate of 10.79 w. to a heater at the center a temperature 
difference of 50°C. is observed between the spheres. Find the 
tliermal conductivity of charcoal. 

5. A steam pipe has an outer diameter of 10 cm. and a surfac^e temperature 

of 150°C. It is covered with a layer of a.sbestos .2.5 cm. tln<;k whose 
outer surface is at 25°C. If the thermal conductivity of the asbestos 
is 0.00040 cal, cm.~^ deg.“^ C. sec.-h how mucli heat is lost per 
minute from a 1 meter section of the pipe? 

6. A wire 1 mm. in diameter having a resistance of 0,1 ohm/cm. forms the 

axis of a gas-filled tube 4 cm. in diameter. A current of 0.25 amp, 
produces a difference in temperature of 30°C. between wire and tube. 
Calculate the thermal conductivity of the gas. 

7. Heat is conducted through a slab composed of parallel layers of two 

different conductivities, 0.32 and 0.14 (c.g.s. units), and of thick- 
nesses 3.6 and 4.2 cm. respectively. The temperatures of the outer 
faces of the slab are 96°C. and 8°C. Find the temperature gradient 
in each portion. 

8. A constant-temperature water bath is held in a copper tank 0,2 mm. 

thick surrounded by celotex (k — 0.00068 watts in.""^' deg,“*^ F.) 
2 cm. thick and supported by a 1-cm. pine board. The outer surface 
of the wood is painted with aluminum paint which, in contact with 
still air, has a radiation constant of 0.0024 w. in.““ deg.~^ F. Calcu- 
late the thermal conductivity of the walls per square metei\ 

9. The water bath of Frob. 8 is in the form of a 50-cm. cube, opcui at the 

top. If the heat loss from the .surface of the water is 2.3 w./in.“, 
what is the power (approximate) which must be supplied t<) a 
heater to keep the bath at 160°F. in a room of temperature 72°F. ? 

10. Express Eq. 6 in cylindrical coordinates. 

11. Express Eq. 6 in spherical coordinates. 
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Thermoelectricity^ 

Introduction 

In 1821 Seebeck^ discovered that an electric current 
flows continuously in a closed circuit of two dissimilar metals 
when their junctions are maintained at differ- 
ent temperatures (Fig. 17). In the early 
investigations of thermoelectric effects the 
results were expressed more qualitatively than 
quantitatively, because the relations between 
the measurable quantities in an electric circuit 
were not well known at the time. (The 
relation between the current and the electro- 
motive force in an electric circuit was . first 
clearly stated by Ohm in 1826.®) 

A pair of electrical conductors so joined 
as to produce a thermal e.m.f . when the junc- 
tions are at different temperatures is known 
as a thermocouple. The resultant e.m.f. 
developed by the thermocouples generally 
used for measuring temperatures varies from 
about 1 to 7 millivolts when the temperature difference 
between the junctions is 100°C. 

Sign convention 

If in a simple thei-moelectric circuit, Fig. 17, the current 
flows from metal A. to metal B at the colder junction, A 

^ Quoted largely from W. F. Roeser, J. Applied Physics, 11, 388 (1940). 

2T. J. Seebeck, Gilb. Ann., 73, 115, 430 (1823); Pogg. Ann., 6, 1, 133, and 253 
(1826). 

^ G. S. Ohm, J., 46, 137 (1826). 

45 ' ■ , 


T, 



Ta >T, 


Fig. 17. — Sim- 
ple thermoelectric 
circuit. 
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will be referred to as thermoelectrieally positive to B. In 
determining or expressing the e.m.f. of a thermocouple 
as a function of the temperature, one junction is maintained 
at some constant reference temperature, such as 0°C., and 
the other is at the temperature corresponding to the e.m.f. 
The order in which the metals are named and the sign of the 
numerical value of the e.m.f. will be used to indicate which 
of the metals is positive to the other at the junction which 
is at the reference temperature. For example, if in Fig. 17, 
Ti is the reference temperature and the current flows in the 
direction indicated, the e.m.f. of thermocouple AB will be 
positive, and the e.m.f. of thermocouple BA will be negative. 

Thermoelectric laws 

As a result of a large number of investigations of thermo- 
electric circuits in which accurate measurements were made 
of the e.m.f., current and resistance, several facts have been 
established. These facts or laws can be reduced to three 
fundamentals. 

(^) The law of the homogeneous circuit. An electric current 
cannot be sustained in a circuit of a single homogeneous metal, 
however varying in section, by the application qf heat alone. 
No theoretical derivation of this principle has been presented. 
It has been claimed from certain tj^pes of experiments that a 
nonsymmetrical temperature gradient in a homogtuieous 
wire produces a measurable thermoelectric emf. However, 
the weight of evidence indicates that any e.m.f. observed in 
such a circuit is to be attributed to the effects of local inhoino- 
geneities. (As a matter of fact, at the present time any 
current detected in such a circuit when the wire is heated in 
any way whatever, is taken as evidence that the wire is 
inhomogeneous.) 

We shall accept, as an experimental fact, the general 
statement that the algebraic sum of the e.m.f. ’s in a circuit 
of a single homogeneous metal however varying in section and 
temperature is zero. As a consequence of this fact, if one 
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junction of two dissimilar homogeneous metals is maintained 
at a temperature Tx and the other junction at a temperature 
To, the thermal e,mi. developed is independent of the tem- 
perature gradient and distribution along the wires. 

(u) The law of intermediate metals. This law will be 
stated in several ways, and although the statements may 
appear different, they are really equivalent. 

One statement of the law is: The algebraic sum of the 
thermoelectromotive f orces in a circuit composed of any number 
of dissimilar metals is zero, if all of the circuit is at uniform 
temperature. This law follows as a direct consequence of 
the second law of thermodynamics (Chap. XII), because if 
the sum of the thermoelectromotive forces in such a circuit 
were not zero, a current would flow in the circuit. If a 
current should flow in the circuit, some parts of it would be 
heated and other parts cooled, which would mean that heat 
was being transferred from a lower to a higher temperature 
without the application of external work. Such a process 
is a contradiction of experience. Therefore we conclude 
that the algebraic sum of the thermoelectromotive forces 
is zero in such a circuit. 

Combining this law with that for a homogeneous circuit, 
it is seen that in any circuit, if the individual metals between 
junctions are homogeneous, the sum of the thermal e.m.f.’s 
will be zero provided only that the junctions of the metals 
are all at the same temperature. 

Another way of stating the law of intermediate metals 
is: If in any circuit of solid conductors the temperature is 
uniform from point P through all the conducting matter to 
point Q, the algebraic sum of the thermoelectromotive forces 
in the entire circuit is totally independent of this intermediate 
matter and is the same as if P and Q were put in contact (Fig. 18 ). 

Thus it is seen that a device for measuring the thermo- 
electromotive force may be introduced into a circuit at any 
point without altering the resultant e.m.f. provided that the 
junctions which are added to the circuit by introducing the 
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device are all at the same temperature. It is also obvious 
that the e.m.f. in a thermoelectric circuit is independent of 
the method employed in forming the junctions as long as all 
of the iimction is at a uniform temperature, and the two wires 
make good electrical contact at the 
junction, such as obtained by welding 
or soldering. 

A third way of stating the law of 
intermediate metals is: The thermal 
e.m.f. generated hy any thermocouple AB 
loith its junction at any two tempera- 
tures Ti and Tz, is the algebraic sum of 
the e.m.f. of a thermocouple composed 
of A and any metal C and that of one 
composed of C and B, both with their junctions at T i and T 2, or 
Bxb ~ Bao “1“ Baa (I^ig- 19)* 

From this statement of the law it is seen that if the 
thermal e.m.f. of each of the metals A, B, C, D, etc. against 
some reference metal is known, r- 
then the e.m.f. of any combina- j 
tion of these metals can be ob- 
tained by taking the algebraic 
differences of the e.m.f.’s of each 
of the metals against the reference 
metal. Investigators tabulating 
thermoelectric data have em- 
ployed various reference metals 
such as mercury, lead, copper and r- 
platinum. At present it is cus- | 
tomary to use platinum because h 
of its high melting point, stability, = Kac H- Ecu. 

reproducibility, and freedom from transformation points. 

(in) The laio of successive or intermediate temperatures. 

The thermal e.m.f. developed by any thermocouple of homo- 
geneous metals with its junctions at any two temperatures Tt 
and Tz is the algebraic sum of the e.m.f. of the thermocouple 
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with one junction at Tx and the other at any other temperature 
and the ejn.f. of the same couple with its junctions at Ti and Ts- 
(Fig. 20) . Considering the thermocouple as a reversible heat 
engine and applying the laws of thermodynamics to the cir- 
cuit, it will be shown (p. 55) that 

E^fydT 

from which it follows that 

E- fr^dT + ff^dT 

This law is frequently invoked in the calibration of 
thermocouples and in the use of 
thermocouples for measuring 
temperatures. 

The above are all the funda- 
mental laws required in the meas- 
urement of temperatures with 
thermocouples. They may be 
and frequently are combined and 
stated as follows : The algebraic 
sum of the thermoelectromotive 
forces generated in any given cir- 
cuit containing any number of 
dissimilar homogeneous metals is 
a function only of the tempera- 
tures of the junctions. It is seen 
then that if all but one of the 
junctions of such a circuit are 
maintained at some constant reference temperature, the e.m.f . 
developed in the circuit is a function of the temperature of that 
junction alone. Therefore, by proper calibration such a 
device may be used to measure temperatures. 

It should be pointed out that none of the fundamental 
laws of thermoelectric circuits, which make it possible to 
utilize thermocouples in the measurement of temperatures, 
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depeiicls upon, any assumption whatever regarding the 
mechanism of interconversion of heat and electrical energy, 
the location of the e.mi.’s in the circuit, or the manner in 
which the e.m.f. varies with the temperature. All of these 
laws have been established experimentally beyond a reason- 
able doubt and in order that temperatures may be measured 
by this method the laws must be accepted in spite of any 
lack of rigor that may appear in any of the thermodynamic 
derivations. 

Historical investigation 

Although a knowledge of the location of the e.m.f/s in 
a thermoelectric circuit, and the mechanism by which heat is 
converted into electrical energy, is not required in order to 
measure temperatures with thermocouples, any information 
available on these subjects may be used advantageously in 
studying the characteristics of thermocouples and their 
behavior during use. Various theoretical and experimental 
investigations of thermoelectric circuits give us the location 
of the e.m.f. ’s in such a circuit, and the relation between 
these e.m.f. ’s, but they have not yielded a satisfactory 
explanation of the mechanism by wliich heat is converted 
into electrical energy or of the manner in which the e.m.f. 
varies with temperature, except empirical relations. 

In 1834 Peltier^ found that when a current is passed 
across the junction of two dissimilar metals in one direction 
heat is absorbed and the junction cooled, and that wlien 
current is passed in the opposite direction the junction is 
heated. Peltier and others observed that for a given current 
the rate of absorption or liberation of heat at the junction of 
two dissimilar metals depends upon the thermoelectric power 
(LEjdT of the two metals and is independent of the form and 
dimensions of the metals at the junction. In 1853 Quintus 
Icilius showed that the rate at which heat is absorbed or 


^ J. C. A. Peltier, Ann. chim. Phys. 2nd ser., 56, 371 (1834). 
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generated at a junction of two dissimilar metals is proportional 
to the current. This heating or cooling effect discovered by 
Peltier should not be confused with the Joule heating effect 
which, being proportional to PR, depends upon the dimen- 
sions of the conductor and does not change sign when the 
current is reversed. 

Inasmuch as heat is absorbed when current flows up a 
potential gradient and heat is generated when the current 
flows down a potential gradient, the heating or cooling effect 
at a junction of two dissimilar metals (being proportional 
to the current) is evidence that the junction is the seat of an 
e.m.f. If we let P be the rate at which heat (in joules per 
second or in watts) is generated or absorbed when a current 
of one ampere flows across a junction, then P is the Peltier 
coefficient of the junction (in watts per ampere) or more 
simply the Peltier e.m.f. (in volts). The direction and 
magnitude of this e.m.f. depend upon the metals which form 
the junctions and upon the temperature. 

In 1851, W. Thomson® (later Lord Kelvin) concluded 
from thermodynamic reasoning and the then known char- 
acteristics of thermocouples that the reversible absorption of 
heat at the junctions of dissimilar metals was not the only 
reversible heat effect in a thermoelectric circuit. In brief 
he reasoned as follows: 

(1) Assuming that the Peltier e.m.f.’s represent the only 
reversible effects in a simple thermoelectric circuit, the 
resultant e.m.f. E in the circuit is given by 

E ^P,-P, (1) 

where Pi is the Peltier e.m.f. of the junction which is at 
temperature Ti; and Pa is the Peltier e.m.f. of the junction 
which is at temperature Pa- 

(2) Neglecting the effect of thermal conduction (an 
irreversible process) and considering the thermocouple as 


“ W. Thomson, Proc. Roy. Soc, Edin. Decemhex 15, 1851. 
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a revei-sible heat engine with a source at the temperature 
in degrees Kelvin and a sink at the temperature Ti we have 
as a consequence of the second law of thermodynamics 



(P2 - Pi) (P2 - Pi) 
Pi ~ Pi 


(3) 


which combined with Eq. 1 gives ^ 


Pl(P 2 - Pi) 
Pi 


(4) 


It would follow therefore that if one junction were main- 
tained at a constant temperature Pi, Pi would be constant 
and the e.mi. E would be proportional to (P 2 — Pi). It had 
been definitely shown by a number of investigators that E 
was not proportional to (P 2 ~ Pi). Thomson therefore con- 
cluded that the Peltier effects were not the only reversible 
heat effects in such a circuit and that there must be a reversible 
absorption of heat due to the flow of current through that 
part of the conductors in which there is a temperature 
gradient. 

In 1854 Thomson® succeeded in showing experimentally 
that in certain homogeneous metals, heat is absorbed when 
an electric current flows from colder to hotter parts. In 
certain other metals the opposite of this effect occurs, and in 
still other metals, the effect is too small to be detected by the 
methods used. This heating or cooling effect, called the 
Thomson effect, is reversible in the thermodynamic sense, 
i.e., it is a transformation which can be made to proceed in 
the opposite sense by only infinitesimal change in one of 
the conditions determining the transformation. The Thom- 
son effect, being reversible and occurring only where there is a 



® W. Thomson, Proc. Eoy. Soc. Lon. VII May, 1854; Phil. Mag. July, 1854. 
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temperature gradient in a metal, is entirely distinct from the 
irreversible Joule heating. 

The reversible absorption of heat in a homogeneous 
conductor has the same effect as if an e.m.f. existed in the 
temperature gradient. The direction and magnitude of this 
e.m.f. between any two points depend upon the metal, the 
temperature, and the temperature difference between the 
two points. If in any metal we let a equal the rate at which 
heat is absorbed or generated per unit difference of tempera- 
ture when a current on .one ampere flows, then the total 



Fig. 21. — The location of the e.m.f’s. in a thermoelectric circuit. 


e.m.f. between any two points at temperatures Ti and Tz is 
given by 



In a simple thermoelectric circuit of two metals A and 
B, Fig, 21, there exist four separate and distinct e.m.f. ’s: 
the Peltier e.m.f. ’s at the two junctions and the Thomson 
e.m.f. ’s along that part of each wire which lies in the tempera- 
ture gradient. The identity of the individual e.m.f. ’s can 
lie established only by observations of the reversible heat 
effects. The Thomson e.m.f. will be considered positive if 
heat is generated when current flows from the hotter to the 
colder parts of the conductor and negative if the reverse 
occurs. 

Thermodynamic theory 

Thomson took into consideration the reversible heat 
effects in the temperature gradient of the conductors, (Thom- 
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son eftects), as well as those at the junctions, (Peltier effects), 
and applied the laws of thermodynamics to the thermoelectric 
circuit. A complete discussion of this application together 
with the hypothesis involved is given in the original paper 
bj" Thomson.'^ 

Consider a simple thermoelectric circuit of two metals 
A and B, Fig. 21, and let P and P + AP be the Peltier e.m.f .’s 
of the junctions at temperatures T and T TAP in degrees 
Kelvin, respectively, and let cta and ctb be the Thomson 
e.m.f.’s per degree along conductprs A and B respectively. 
Let the metals and temperatures be such that the e.m.f. ’s are 
in the directions indicated by the arrows. The resultant 
e.m.f., AP, in the circuit is given by 

AP = P + AP ~ P + o-^AP - anM' (5) 

AE =^AP -i- {(Ta - (rB)AT (0) 

or in the limit 

^ - ^ ^ ..A 

(IT " dT^ 

By virtue of the second law of thermodynamics XQ /P == 0 
for a reversible process. If then we regard the tlierinocouple 
as a reversible heat engine and pass a unit charge of electricity 
around the circuit, we obtain by considering only the reversi- 
ble effects 

0 ( 8 ) 


(9) 


^ W. Thomson, TrarLs. Roy. Soc. Edin., 21, 123 (1857). 


q(F + AP) qP (((TaAT ja„A T 


P + AP 


P ^ AP ' AT 
T+^ ?' + — 


which may be written 




+ 


{(Ta (T b)A 1 


T + 


AT 


or in the limit 


_^/P' 
(IT 


(^P^ T rji {o'a. ~ Cb) — 0 


( 10 ) 
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o 

1 

li 

(11) 

Eliminating (cr^ — ctb) between Eq. 7 and Eq. 11 

we have 

II 

(12) 

Substituting Eq. 12 in Eq. 10 we have 


n- 1 

CfA (fB J- 

(13) 

From Eq. 12 it is seen that 


11 

II 

(14) 


which is the expression referred to earlier (p. 49). 

The Peltier e.m.f. at the junction of any two dissimilar 
metals at any temperature can be calculated from Eq. 1 % 
and measurements of the variation of the thermal e.m.f, with 
temperature. The magnitude of the e.m.f. existing at the 
junction of two dissimilar metals ranges from 0 to about 
0.1 volt for the metals commonly used in temperature meas- 
urements. Although the thermoelectric theory as developed 
above does not enable us to determine directly the magnitude 
of the Thomson coefficient in any individual metal, the 
difference between the Thomson coefficients in two metals 
can be calculated from Eq. 13 and measurements of the 
variation in thermal e.m.f. with temperature. Various types 
of experiments indicate that the Thomson effect in lead is 
extremely small, if not zero, at ordinary atmospheric tem- 
peratures. Consequently some information regarding the 
magnitude of the Thomson coefficients in other metals at 
these temperatures can be determined if it is assumed that 
this coefficient is zero for lead. On this basis it is found that 
the Thomson coefficient at 0°C. in microvolts per °C. is —9 
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for platinum, -8 for iron, +2 for copper, -^23 for eonstaiitan, 
~8 for Alumel, for 90Ptl0Eh alloy and +9 for Cliromel-P. 

In order to satisfy the assumptions involved in the 
application of the second law of the thermodynamics, it is 
necessary and sufficient to verify experimentally the relation 

P^T§ ( 12 ) 

and 

(Ta CTb ■— 2 ( 13 ) 

Inasmuch as the individual e.mi/s cannot be measured 
as such, we must depend upon calorimetric measurements of 
the heating and cooling effects. In order to measure these 
small reversible effects, it is necessary to sepai'ate them 
from the much larger irreversible Joule heating and the 
thermal conduction which take place in any exi.>erimentai 
work of this nature. Practically all of the experimental 
work on this subject has been on the relation given by Eq. 1 % 
because the reversible heating effects involved in it are in 
general much larger and more localized than (hose in Efj. 13. 

We cannot integrate Eq. 12 or 13 a.nd ol)ta,in a general 
relation between E and T, without some information on 
the manner in which P or cr varies with 2\ Experiments 
indicate that P and <r both depend upon 7’ })ut the manner 
in which they vary with T has not been established either 
theoretically or experimentally with any degr(‘e of accuracy. 

A number of hypotheses haye been made as to the manner 
in which or varies with the temperature a-nd Eq. 13 then 
integrated. P. Q. Tait and others have suggested, on the 
basis of limited experimental evidence, that o' is proportional 
to T, If so, the thermoelectric power may be expressed a,s a 
linear equation 


= 5 + 202 ’ 


(IS) 
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and for practical purposes the e.m.f. of a thermocouple *may 
be expressed by 

E — CL ht ct^ (t^) 

where t is the centigrade temperature of the measuring 
junction, the reference junction being kept at some constant 
temperature. While this equation may be considered as 
applicable to most thermocouples of practical importance, 
there are many materials whose e.m.f. -temperature curves 
cannot be so simply represented. Equations relating E 
and T, based on any particular hypothesis regarding the 
functional relation between cr and T, represent the experi- 
mentally determined values of E and T only over limited 
temperature ranges. Consequently the relation between E 
and T for any pair of metals must be determined experi- 
mentally and corresponding values given by tallies or empiri- 
cal relations for limited temperature ranges. 

Later theories of thermoelectricity may be divided into 
two general classes; (1) those in which attempts are made to 
avoid the hypothesis made by Thomson, and (S) those in 
which the theory as developed by Thomson is accepted as 
far as it goes, and attempts are made to derive a reversible 
mechanism or process for converting heat into electrical 
energy by the application of the electron theory of metals. 
The theories in the first general class have added little, if 
anything, to our knowledge of thermoelectricity. The 
assumptions involved in most of these appear more objec- 
tionable than the one made by Thomson. The relations 
derived between the quantities involved are either equivalent 
to or less useful than those derived by Thomson. 

Electron theory 

The existence of the Peltier and Thomson e.m.f. ^s in a 
thermoelectric circuit may be deduced, qualitatively at least, 
from the electron theory of metals, but the uncertainties in 
the quantities involved are so large that we cannot determine 
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whether the theories are in agreement with experimental 
data or not. The most that can be claimed for the more 
complete of these theories at the present time is that they 
give the order of magnitude of the various effects for certain 
metals. 


Electron theory of thermoelectricity 

Electron theories of thermoelectricity are of interest in 
providing us with a simple (although incomplete) picture of 
the possible mechanism of thermpelectricity. A metal may 
be regarded as possessing conduction electrons having one 


T T, 



Fig. 22. — Electron density as the source of thermoclectrouiotive force. 


degree of freedom of motion in the metal. In different metals 
these electrons have different concentrations tmd different 
average velocities of thermal agitation. If two metals art^ 
placed in contact (Fig. there is a diffusion of electrons 
across the interface. As soon as sufficient negative charge is 
transferred to produce an e.m.f. across the boundary which 
repels the arrival of more electrons, a dynamic balanct^ is 
attained with no further net diffusion. 

If metals A and JS are brought into contact at anotlicr 
point to form a complete circuit, and the two junctions are 
kept at the same temperature, the thermal e.m.f. ’s at the 
junctions are equal and opposite. No net flow of electrons 
occurs. If, however the junctions are maintained at different 
temperatures, the electron concentrations (or pressures) 
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differ and a steady flow occurs. Heat energy is transformed 
into electrical energy. 

A theory developed by Lorentz and J. J. Thomson gives 
the e.m.f. in terms of the electron concentrations, ni and ‘ru, 
•in the two metals, the gas constant R and Faraday’s constant 
Fi 


E 


R , ni 
’ F n: 


This is not particularly useful, since the electron concentra- 
tions are unknown. • 


Quantum theory of thermoelectricity 

A quantum theory of metals seeks to explain and predict 
quantitatively the values of their various thermal^ electric 
and magnetic effects, including thermoelectricity. Exact 
results have been obtained only for isotropic (cubic) crystals 
at high temperatures (well above their Debye temperatures). 
While an ultimate understanding of thermoelectric phenomena 
probably lies in an extension of such investigations, so far 
quantum theory has added little information of practical 
value to that which can be obtained from general thermo- 
dynamic considerations. 

Summary 

An e.m.f. is produced in a circuit of two or more dis- 
similar metals, or in a circuit of one metal, different parts of 
which are in dissimilar physical states, when one junction is 
heated or cooled relative to the remainder of the circuit. 
This phenomenon is due to several distinct effects of which 
the Peltier effect alone is important in thermoelectric pyrom- 
etry. Three simple relations have practical importance in 
the use of thermocouples: 

(1) Eabo = Eab (both ends of C at same temperature) 

(2) Eab = Eac + Ecb (ioY a given temperature difference) 

(3) (for a given, thermocouple) 
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A second degree equation is usually sufficient to express the 
dependence of thermal e.m.f. on temperature. 
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Problems 

1. Distinguish between the Peltier heat and the Joule heat. 

2. What is meant by the term “specific heat of electricity” as applied to a ? 

3. The thermoelectric powder as a function of temperature may be repre- 

sented as a straight line for each of two metals, A., and B, against 
platinum. On this diagram what is tlie geometrical interpretation 
of the neutral temperature for an AB thermocouple? 

4. Define neutral temperature in several ways. 

5. Describe how a current-cjirrying wire with a small thermocouple 

soldered to it might be used to measure (i) an alternating current, (ii) 
the standard current for a potentiometer, (iii) the pressure of gas in a 
vacuum system, (iv) the extent of eddying currents in a wiu<l tunnel, 
(v) the wind speed outdoors. 

6. By applying the second law of thermodynamics (Chap. XII) to an 

e m.f.-charge diagram for a thermocouple, show (i) that 2) = 6 

and (ii) that P = 

7. Identify all thermal e.m.f.’s of a thermocouple as areas on the thermo- 

electric diagram (thermoelectric power vs. temperature) for tlic 
couple. 

8. How are the Peltier and Thomson coefficients represtmted on the 

thermoelectric diagram ? 

9. Using the data of Table XII, construct a thermoelectric diagram for iron 

and constantan (each vs. lead). State how the amounts of lieat 
absorbed or evolved in the different parts of the iron-cons tan tan 
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circuit with its junctions at 0° and 100°C. and a current of 1 ampere 
are shown in the diagram. 

10. Show that a = T tan d, where 6 is the slope of the P vs. T line in a 

thermoelectric diagram. 

11. The ends of a 80-cm. metal rod of 1 cm.- cross section are maintained at 

30° and 0°C. The resistivity of the metal is 150 microhm cm. 
When a current of 0.05 amp. flows from the hot to the cold end the 
temperature gradient in the rod is unchanged. Find the Thomson 
coefficient for the metal. 



CHAPTER IV 


Thermoelectric Temperature Measurements 

Introduction 

Seebeck’s discovery of thermoelectricity was used as 
early as 1830 as a new method of pyrometry by Becquerel 
in his measurement of flame temperatures. With the 
development of suitable thermocouple materials, thermo- 
electric pyrometry has attained a degree of precision inferior 
only to that of resistance thermometry below 9()0“C., while 
for higher temperatures it is the only sensitive and convenient 
electrical method. 

A thermocouple pyrometer consists of three main elements : 

1. The thermocouple, comprising: two dissimilar metals, 
usually wires; electrical insulation; and usually a protecting 
tube. 

2. Lead wires to connect thermocouple and instrument. 

3. An e.in.f. -measuring instrument, usually a potenti- 
ometer or millivoltmeter; with provision — whicli may l>e a-t 
the instrument, or elsewhere^ — ^for controlling or comi)ensating 
for reference- junction temperature. 

The choice of thermocouple materials is influenced by 
the relative importance of such desirable characteristics as: 

1. Resistance to chemical and mechanical deterioration 
in the environment in which it is used. 

2. Development of relatively large e.m.f.’s. Ideally, 
the Thomson e.in.f.’s should be oppositely directed in the 
two wires, and the wire showing the negative Thomson e.in.f. 
should be the positive element for the Peltier e.in.f. at the 
hot junction. The four e.m.f.’s are then additive, 

62 
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S. A temperature-e.mi. relation in wliich the e.m.f . 
increases continuously with increasing temperature over the 
range of use. To provide a large thermoelectric power and 
to insure freedom from reversal of e.m.f., the neutral tempera- 
ture should be remote from the temperature range of use. 

4. Constancy of calibration. This is largely depend- 
ent upon freedom from contamination and mechanical 
strains which introduce inhomogeneities in the thermocouple 
elements. 

5. Reproducibility of .couples. This is an important 
consideration in industrial uses to permit replacement of 
the couple without necessitating recalibration of the tem- 
perature scale of the indicating instrument. 

Base-metal thermocouples 

The first four thermocouples listed in Table I are base- 
metal couples extensively used for temperature measurement 
and control in the laboratory and in industrial processes. 
They are characterized by relatively high e.m.f. ’s (4 to 7 
times that of Pt-PtRh thermocouple) which permits the 
use of more rugged and less expensive indicators if deflection- 
type instruments are used. They are comparatively inex- 
pensive. They have e.m.f. -temperature curves which are 
approximately linear. This is a desirable characteristic 
since measurements at only a few temperatures establish 
the calibration curve for the thermocouple; in checking the 
couple, the per cent correction determined in rechecking a 
calibrated couple at one temperature applies to the whole 
range; and reference junction corrections involve merely 
the addition or subtraction of a temperature interval. 

The maximum useful range of a given type of thermocoui3ie 
depends on the accuracy and reproducibility demanded, on 
the protection provided, and on whether continuous or 
intermittent service is required. All base-metal thermo- 
couples become inhomogeneous with use at high temperature. 
The e.m.f. of an inhomogeneous thermocouple depends not 
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only on the temperatures of the measuring junction and the 
reference junction but also on the temperature distribution 
throughout the inhomogeneous portions of the wires. 

Tests on the stability of base-nietal thermocouples have 
shown that heating for a long time in air causes the e.m.f. 
corresponding to a given temperature to increase, or the tem- 
perature corresponding to a given e.m.f. to decrease in the 
case of a chromel-alumel couple.’ The effect on an iron- 
constantan thermocouple is just the reverse. Changes in a 
chromel-coiistantan thermocouple are small because the 
effects in the individual wires counteract each other. While 
chromel-alumel thermocouples are serviceable to 1200°C., 
a couple which is to be used for accurate measurements below 
550°C. should not be subjected to the higher temperatures. 

Thermocouples are commonly in the form of wires with 
welded junctions — ‘‘wire-type” thermocouph's, or “pipe- 
type” in which one element surrounds the otlier. Approxi- 
mately 80% of the chromel and aliimel used in thermocouples 
is in no, 8 gauge wire, and 95% is in no. 6, 8, 1.1 and 14 gauge 
wire. Where there is no danger of contamination, base- 
metal thermocouples are used without protection tubes, 
electrical insulation being provided by threading the wires 
through porcelain insulators. Pipe-type iron-constantan 
thermocouples are made with the iron t‘leiiumt surround- 
ing the constantan and welded to it at the ti]) 1.(3 foi-in a 
closed tube. The elements are insulated along tlieir lengths 
by asbestos windings. Thermocouples are used in molten 
non-ferrous metals without a welded junction, the ehmients 
being removable rods or wires drawn from spools in the handle 
of the pyrometer and twisted together before insertion in 
the molten bath. 

Thermocouples are designed in special forms for a, widt^ 
variety of practical temperature measurements. Operating 
temperatures of internal combustion engines are measured 

^ A, I. Dahl, J. Research Nat, Bur, Standards, 24, 205 (1940), 
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by thermocouples clamped under the plugs in the form of 
flat rings or fixed in cavities in the cylinder block. The 
friction between two dissimilar metal surfaces has been studied 
by measuring their thermal e.m.f.^ The surface temperature 
of brass wire drawn through a steel die is determined by 
making the die and wire elements of a thermocouple.® A 
thermocouple in the form of a hypodermic needle is used for 
measuring the temperature of foods, tires, plastics, etc.*^ 



Fig, 23. — Temperature — e.m.f. characteristics of typical thermocouples. 


Several types of base-metal thermocouples are used for 
high temperature measurements. 99MolFe-W gives an 
e.m.f. of 16 mv. at 2000°C. and can be used to S200°C. 
75W25Mo-W has an e.m.f. of 5.8 mv. at 2570°C. and can 
be used to 3000°C. 

Rare-metai thermocouples 

The Pt-90Ptl0Rh thermocouple introduced by Le Chate- 
iier is used extensively in measuring temperatures in the 
range 0° to 1550°C. It is used to define the international 
temperature scale in the range 660° to 1063°C. Some 

“ F. P. Bowden and L. Leben, Nature, 141, 691 (1938). 

® F. C. Thompson and H. G. Dyson, Metailurgia, 6, 191 (1932). 

^ R. W. Brown, J. Scf. Ins^TOmenfo, 9, 198 (1932). 
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American couples are made with a 87Ptl3Eh alloy which 
gives a slightly higher e.m.f., largely to provide replacement 
couples for calibrated instruments already in use. 

Both platinum and rhodium can be obtained with high 
purity. The Pt-PtRh couples have the primary advantages 
of reproducibility and long temperature range. High cost 
limits their use. The cost of long leads from the measuring 
junction to the reference junction of a Pt-PtRh thermocouple 
may be reduced by the use of compensating leads of dis- 
similar metals which together haye the same thermoelectric 
properties as the thermocouple over the usual range of tem- 
perature of the thermocouple head. A copper wire is attached 
to the PtRh alloy wire, and a nickel-copper alloy wire to 
the platinum. 

Rare-metal thermocouples are extremely sensitive to 
contamination by metallic vapors in a reducing atmosphere. 
They must be suitably protected if their calibration is to 
remain valid. 

While Pt-PtRh thermocouples are the only rare-metal 
thermocouples in common use in this coiuitry, other types 
are coming into use in Germany to secure higher e.m.f. or 
higher temperature range or lower cost.® They do not appear 
to surpass the Pt-PtRh couple in reliability, and in some 
cases are inferior to base-metal couples. The Pallaplat 
couple (PtRh-AuPd5Pt) develops about five times the e.m.f. 
of a Pt-PtRh couple and costs half as much. However it 
has a shorter life and has a temperature maximum of 1000°- 
1200°C. Many metals have a larger e.m.f. in combination 
with platinum than does rhodium. Rhenium, osmium., 
tungsten and molybdenum have high e.m.f .’s and form 
workable platinum alloys up to 10 per cent by weight of 
added metal. Te-Pt and TeSb-Pt thermocouples tire used 
for laboratory measurements in the ranges ~g00° to 100° 

s A. Schulze, Warme, 62, 127 {1939) ; Metdwusmsckqft, 18, 249, 271, 313 (1989); 
Vkevi. Zeit., 62, (1933). 

ILFjVihv and K. Guihmann, Arch. Bismkuttenw., 9, 73 (1935). 
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and —200° to 300°C. respectively. Other rare-metal ther- 
mocouples with their temperature limits are : PtRh5Re-PdAu 
, . . ,900tol250°C.;Pd-60Fe40Cr,tol400°C.;Pt-Pt5ReRh, 
1000 to 1600°C. ; Pt-Pt8Re to 1800°C. ; Rh-Rh8Re to 1900°G. ; 
Ir-60Rh40lr to 2000°C.; and Ir-IrlORu to 2000°C. 

Non-metallic thermocouples 

The carbon-graphite thermocouple is one of the oldest. 
It's e.m.f., less than 1 mv., is too small for practical use. 
Constantan-SiC and Ta,C-C couples have been used.® The 
C-SiC thermocouple is coming into wider use, particularly 
in the measurement of steel temperatures.^ It has the 
advantages of high e.m.f. and a long 
temperature range, and the disad- 
vantage of high resistance. 

Thermopiles 

To detect very small changes in 
temperature, several thermocouples 
may be arranged in series to form 
a thermopile. Used with a sensitive 
galvanometer, this provides a highly 
sensitive detector for radiation in 
spectroscopic investigations, etc. 

Fine silver and bismuth wires have been used extensively for 
thermopiles because of their large thermal e.m.f. The con- 
struction of such thermopiles requires considerable skill. 
Recently Launer® has described a simplified technique for 
constructing thermopiles using chromel and constantan wires 
(of No. 36 and 38 gauge, respectively) with the measuring 
junctions soldered to silver foil receivers (Fig. 24). The 
thermoelectric power of such a thermopile is more than 60 
mv. per degree C. 

® G. Keinath, Arch. tech. Messen, 4, 55 (1935). 

7 G. R. Fitterer, Iron Age, 140, No. 4, 38 (1937). 

®H. F. Launer, Rev. Sci. Instruments, 11, 98 (1940). 
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TABLE I 

Thermocouple Characteristics* 


T,. „ 

Copper-Constantan 

Iron-Constan tan 

‘ 

Of 

100 Cu 54Cu4eNi (l) 

OO.OCu fiSCu 45Ni 

(10,7) 

~ 100 Pe (4) .55Cu 44 Ni .5 Mu + 

Fc, Si (4) 

99.9 Fe (10) 55Cu 45Ni (10) 

60Cu 40Ni (3) 


Rai^e of application, 

-150 to -f-320 (1) 0 to 360 

(7) -300 to +360 (9) 

-200 to +1050 (1,3) 0 Ki 750 (4) 

Resistivity, piohni-per 
cm. cube. 

1.73 (7,10) 48.80 (5) 

1.71 (9) ,49 (7,9,10) 

1.7S1 (S) 

10 (4,9,10), 10.13 (5) 49 (4,9,10) 48.8 (5) 

Temperature coefficient 
of resistivity, deg.“‘ 
C. 

.0039 (9) ,00003 (9) 

.00393 (7,10) .0000144 (5) 
.0040 (6) .00003 (7,10) 

.OOri (4,9,10) .00002 (9) 

,0063 (.5) ,0000144 (.5) 

.00002 (4,10) 

Melting temperature. . . 

1081 (9), 1085 (6), 1190 (9), 
1290 (5), 1200 (7) 

1.530 (10), 1535 (9,4) 1190 (9,10) 1210 (4) 

~ 1.575 (.5) 12.50 (8) ~ 1290 (5) 

Maximum temperature: 
Continuous use, °G . . 

300 (5), 350(7,10) 500 (1:21) 

.500 (1:31), 650 (4), 760 (10), 900 (3) 

Intermittent use, "C. 

200 (B), 400 (10), 000 (1:21), 
800 (7) 

600 (1:21) 760 (4), 1000 (10), 1050 (3) 

E.m.f.: various temp.s., 
°C. in mv. (ref. jet. 
at O-C.). 

100 4.38 mv. (9) 

300 9.29 

300 14.86 

1 

100°C. 5.38 mv. (9) 

300 10,78 

400 31.83 

600 33.16 

800 45.48 

1000 58.16 

Maximum deviation 
from manufacturer’s 
calibration. 

± 2°C. (10) ± S'C. (5) 
0,5'’C. at ISO-C. (7) 

Standard (9): 

( -300 to +200”^, ± 1.5°P. 
1300 to 600°F. + H% 
Special (9); 

( -300 to +200'’F, ± ■)4% 

1 300 to 600°F. ± 3i% 

± 3°C. (10), ± 3° to 550°, ± yWo above 

550° (4), ± 6° at 900° (5) 

Standard (0); 

( 32 to S00°F. ± 6°F. 

ISOOto 1650°F. ± 1% 

Special (0): 

( 33 to 500°F. ± 2°F. 

4 500 to 1000°F. -i 
/lOOO to 1500°P. ± +j% 

Influence of tempera- 
ture and gas atrao.s- 
pherc. 

Subject to oxidation and alter- 
ation above 400° due Cu, 
above 600° due constantan 
wire. Ni-plating of Cu tube 
gives protection in acjd-con- 
taining gas. Contamination 
of Cu affects calibration 
greatly (1). Re.sistance to 
oxid. atm.: good (5). Resist- 
ance to reducing atm ; good 
(5,9). Requires protection 
from acid fumes (6). 

Oxidizing and reducing atm. have little 
affect on aeeuracy. Be.st useii in dry atin. 
(1). Resistance to oxidation: good up to 
400°C. (9,10), but poor above 700°C, (0). 
Re.si.stance to reducing atm.: good (4,5,9); 
good to 400°C. (10). 

Protect from oxygen, moisture (.5); .sulphur 
(4,9). 

Particular applications . 

Low temperature (1,9), 
Industrial (9,10)._ Internal 
combustion engine (10). 
Used as a tube element for 
measurements in steam line 
(1). 

Indinstrial applications up to 800°C., particu- 
larly for reducing atmosplicres (3,9,10). 
Steal annealing, boiler ilues, tulie stilts (4). 
Used in reducing or neutral atm. (4) 


*For footnote see page 71. 
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TABLE I. — {Continued) 



Clu’omel-Constantan 



90Ni lOCr (S,l:31), SaCn 4aNi (7,1:21) 


Range of application, °C 

0 to 1100 (7). 300 to 1000 (1) 

Resistivitj', iJiohva-per cm. cube 

70 (7), 87 (1:20 -19 (7), .12 (1:22) 

100 (1:31; 1:34), 110 (1:33) 50 (1:91; 1:94) 

Temperature coefficient of re.sistivity, deg.""* C 

.000349 (8) .0002 (8) 

.00004 (1:91) .00005 (1:31) 

.00030 (1:39, 1:33) .OOOlO (1:33: 1:23) 

Melting temperature 

1400(1:91), 1410(1:94). 1100 (1:91), 1900 (7) 

1430 (1:33), 1370 (1:33), 1350 (1:23), 1850 
(1:22) 

Maximum temperature: 

Continuous use, “C 

800 (S), 500 (1:21), 000 (1:29; 1:33) 

Intermittent use, °C 

1100 (8), OOO (1:91), 800 (1:93), 900 (1:93) 

E.m.f.: variou.s temps., “C. in mv. (ret. jet. at 0°C.). 

100“ 6.3 mv. (7) 

900 13.3 

400 28.5 

600 44.3 

Maximum deviation from manufacturer ’.s calibration 

3“ at 500“C. (7) 

Influence of temperature and gas atmosphere 

Cliromel attacked by sulphurou.s atm. (1). 
Re.si.stance to oxidation good (7). Re.sistance 
to reducing atm. poor (7). 

Particular applications 



Protection tubes 

Closed-end tubes of porcelain, of pyrex glass or of materials 
listed in Table II are generally used to protect thermocouples 
from contamination, which usually results from the thermo- 
couple wires coming in contact with other metals or metallic 
vapors or from the action of reducing gases at high temper- 
atures. In the latter case, the silica of the insulating or pro- 
tecting tube is reduced to silicon which alloys with the thermo- 
couple wires. For temperatures above 6(}0°C. the wires 
should be insulated by porcelain tubing and protected from 
contamination by a glazed porcelain tube. For temperatures 
below 600°C., pyrex tubes are very satisfactory for both pro- 
tecting and insulating the wires. An additional sheath of 
metal, alundum or quartz is used when mechanical strength is 
required, as in measurements in molten metals. 

Tests on the permeability of various protection tubes to 
gas leakage have shown very refractory porcelain, miillite or 
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TABLE l—iContinued) 


Type 

Chromel-AIuroel 

C ar bon—Si li con carbi d e 
(tube element) 

Composition, % 

!)0Ni lOCr (8,1 : 23) 95Ni 2A1 2Mn ISi (8) 
8!)-(iNi 8-9Cr (.3) l»7Ni 3A1 + Si (4) 

8!)Ni lOCr (1:23) 94Ni 2A1 iSi 3-f.Mii 

8»Ni 9.8Cr iFe 0.2- 0-r>Fe (1;2.'5) 

Mn (1:25) 

C SiC 

Range of application, °C 

0 to 1100 (4), 0 lo 1250 (:J), 500 to 1250 (1) 

to 2t)00“C. (0) 

R(‘.si.stivity, gohm-pcr cm. 
cube. 

70.5 (.5). 60.4 (8), 29.4 {Sj, 28.0 (8), 30 (4) 


Temperat^ure coefficient of 
re.siativity, deg. ' C. 

.000.32 (4) .00014 (4) 

.000324 (5) .000144 (5) 

.000349 (8) .000?25(8) 


Melting temperature. 

1400 (4), 1480 (5) 1400 (4), 1430 (5) 

1450 (.3) 14.50 (3) 

8000“ (0) 2700“ ? (0) 

Maxi mu m temperature : 
Continuous use, °C 

1100 (3,4), 1200 (5). 1300 (8) 


Intermittent u.se, °C. . . . . . 

1200 (4), 1250 (3), 1320 (8), 1370 (.5) 


E.in.f.: variou-s temps., "C. 
in mv. (ref. jot. at 0“C.) 

100“C. 4.1rov. (8) 

200 8.13 

400 10.39 

600 24.90 

800 33.31 

1000 41.31 

1200 48.85 

1400 55.81 

1210“ .353,0 mv. (0) 
1300 385.2 

1300 403.2 

1450 424.9 

Maximum deviation from 
manufacturer’s calibi-ation. 

( 0 to OlO-C. ± 3°C. 

1340 to 1200” ± H%r ' 

( 32 to Oeo-F. ± S”!-'. ) ,.v [f,. 

\ .Above (!00'’F. ± ?!% J ^ 

c. „ (0 to 000‘‘F. ± 5“F, 1 

Standard (0). | OCO to 2.300°F. 1- U% 1 

0 • 1 1 0 to e00°F. ± 3“F. 1 

Special (9): | ggQ 2300‘’F. ± % i 

I %? 

Influence of temperature and 
gas atmo.spliere. 

Resistance to oxidizjng atm.: good (3,4), very 
good (6,8,9). Ile.si.stance to reducing atm,: 
poor _(3,4,6,8,9). Affected by .sulphur (4), 
reducing or sulphurou.s gaa (8), SOi and H2S(5). 

li.scd a.s tube element. 
Carbon sheath cliein- 
ieally inert (0), 

Particular applicalion.s 

Used in oxidizing atm. (4). 

Industrial (9) ceramic kilns, tube stills. el<!ctri<' 
furnaces (4), 

Steel fnrnaec and hadle 
teinperuture.s (10). 

I,al>orati)i'.y mens. 


sillimanite to be especially suitable.'^ Calorized. wrought iron 
is superior to most other metals. Nichrome is g(merally 
more gas tight than other alloys. Gas often etiters tlie tubes 
through tiny pin-hole imperfections rather than hy diffusion 
through the walls. Ceramic tubes become less permeable 
to gas at higher temperature, possibly owing to increased 
gas viscosity. 

^ W. F. Roeser, Nat, Bur. Standards J. Research, 7, 485 (1931). 

W. Miehr, Rer. fceram. Ges., 12 , 29 ( 1932 ). 
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TABLE I. — (CoTitinued) 


Type 

Pt-PtRh [10] 

Pt-PtRh [13] 

Composition, % 

Pt OOPt lORh 

0 to 1300 (4) 

Pt S7Pt 13Bh 

Range of application, °C 

0 to 1550 (3) 800 to IGOO (1) 


Resistivity, gohm-per cm. cube. 

10(9,1:21,1:24) 19(4) 

11 (4, 1:22, 1:23) 20 (1:21, 1:22. 1:24) 

21 (9, 1:23) 

24.8 (2) 


Temiierature coelBcient of 
resistivity, deg.~i C. 

.0030 (4,9) .0013 (2, 1:21) 

.0039 (1,2) .0018 (2,4) 

.0020 (1:23), .0024 

. , (1:22) 


Melting temperature 

3773 {2,4,.9), 1700 (3), 3793 (4) 

1800 (2) 


Maximun temperature: 
Continuous use, °C 

1300-1400 (2), 1430 (3). 1500 (4,1) 


Intermittent u.se, °C 

1500 (2), 1550 (3). 1050 (4,1) 


E.m.f.: various temps., °C. 
in mv. (ref. jet. at 0°C.). 

100° 0.643 niv. (9) 

200 1.436 

400 3.251 

600 5.222 

800 7.3.30 

1000 9.. 509 

1200 11.924 

1400 14.312 
laOO 16.674 

100° 6.40 mv. (9) 

200 1.464 

400 3.. 398 

600 5.361 

800 7.. 027 

1000 10.470 

1200 13.181 

1400 15.940 

1600 18.680 

Maximum deviation from 
manufacturer’s calibration. 

± 5° (4) 

Standard to 2000°F. ± H% (9) 

Special to 2000°P. ± H% (9) 

± 3° at 1200°C. (2) 


Influence of temperature and 
gas atmo.spliere. 

Resi-stance to oxidizing atm. very good (4,5,- 
8,9). Resistance to reducing atm. poor 
(4, 6,8,9). Susceptible to chemical alteration 
by A.S, Si, P vapor in reducing gas (CGa. Hz 
HsS, SOs) (1,4,3). Pt corrodes easily above 
1000°. Used in ga.s-tigbt protecting tube. 


Particular applications 

International standard 630 to 1063° 

Similar to Pt-90Pt 
lORh, but has liigher 


.a Table I indicate the source of the information as follows: 

(i; H. Euler and K. Guthmann, Arch. Eisenkuttenw. 9 No. 2 73 (19S5). 

(2) Baker & Co. 

(3) Tlie Bristol Co. 

(4) The Brown Instrument Co. 

(5) Charles Engelhard, Inc. 

(6) Fitterer Pyrometer Co. 

(7) General Electric Co. 

(8) Hoskins Manufacturing Co. 

(9) Leeds and Northrup Co. 

(10) Lewis Engineering Co. 

(1:21) H. Euler and K. Guthmann , . 

W. C. Heraeus, GmbH, Hanau. 

(1:22) G. Siebert, GmbH, Hanau. 

(1:23) Hartmann & Braun, Frankfort a. M. 

(1:24) Siemens & Halske, Berlin-Siemensstadt. 
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When a thermocouple is used for measurements in molten 
metal at high temperatures, it is customary to increase the 
thickness of the protection tube. This has certain dis- 
advantages: the long time required for pre-heating to avoid 
fracture of the sheath, and for attaining equilibrium on 
immersion; the risk of damage to the sheath in. the batli; 
and the danger of contamination of the couple by reducing 


gases. 

An alternative “quick-immersion” technique has been 
developed^ enabling the Pt-PtRh thermocouple to be used 
for regular measurements in liquid steel up to 



Pig. 25.— 


Quick-im- 
nier.sion ther- 


1700°C. It consists essentially in lightly sheath- 
ing the couple in silica thus allowing its sudden 
immersion in the steel, the taking of readings 
in a few seconds, and the withdrawal of the 
thermocouple intact. 'JTe arrangement of the 
end of the apx^aratus to be immersed in steel is 
shown in Fig. ^5. To reduce the lag, one may 
dispense with the steel jacket B and the lower 
portion of the two-bore insulator C. The time 
necessary to get a temperature reading ranges 
from 4 to 15 seconds according to circumstances. 
If necessary the short inexpensive silica sheath is 
replaced after each insertion. The thermocouple 
will stand from 10 to SiO immersions without 
appreciable contamination, and the full e.m.f. can 
readily be restored by cutting off an inch, or two 


inocouple. from the heated end. 


Thermocouple calibration at fixed points 

A thermocouple is calibrated by measurement of its 
e.m.f. at fixed points whose temperatures are assigned, or 
by comparison with a previously-calibrated couple placed in 
good thermal contact with it, 

F. H. Schofield and A. Grace, Iron and Steel Inst. (London) Special Report 2.5, 
section Vlli 235 (1939). 
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TABLE II 

Thermocouple Protection Tube Materials 


Material 


Maximum Composition, characteristics and 
temperature applications 


Copper 

Bronze 

Monel 

Seamless steel 

Wrought iron 

Cast iron 

Calorized wrought iron. 

Stainless steel 

14% Chrome iron 

18 % Chrome 8 % nickel 
iron. 

28% Chrome iron 


500°C. 


550 

700 

700 

800 

800 

800 

800 

1100 


Cu \ Copper is nickel- or 

90Cu, / chromium-plated 

lOSn } against oxidation. 

67-70Ni, 1 Lo\v temperature 
30Cu ' .steam. 

Used in hydrogen, ammonia or 
any atm. not corrosive. 

Boiler flues, ammonia, hydrogen 
atm. Scales rapidly at high 
temp, in presence of oxygen. 

Generally more u.seful than 
wrought iron in chemical mdu.s- 
try. Resistant to sulphuric and 
caustic solutions. 

Iron coated with mixture of 
Ai-Al 'Os. More resistant to cor- 
rosion than wrought iron. Used 
in pipe-type couples, boiler flues. 

0.05-.20C, 18Cr, 8Ni rem. Pe. 
High oxidation resistance. At- 
tacked by sulphur. Used in 
tube stills. 

Resistant to chemical corrosion, 
particularly sulphur. 

Resists corrosion. Protection 
wells in steam or wet processes. 
Steam temperatures. 

General purpose alloy. More re- 
sistant to corrosion than 14 
chrome iron. Used in neut., 
red., or ox. atm., for carburizing, 
etc. 
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TABLE l\.— {Continued) 


Material 

Maximum 

temperature 

Composition, characteristics and 
applications 

32 % Nickel 20 % chrome 
iron. 

1100°C. 

Good mechanical strtmgth, and 
resistance to sulphur (more tlian 
higher nickel alloys, less than 
28% chrome iron). Genera! 
high temp, use except in sul- 
phurous atm. 

Nichrome 

1100 

Good creep strength. High re- 
sistance to oxidation. Attacked 
by sulphur. Electric furnaces. 

Nichrome 

1100 

38Ni, 18Cr . . . Resists sulphur 
fumes. 

Nichrome 

1150 

67Ni, 20Cr . . . For general heat 
treating where high meclianical 
strengtli desired. 

Chromel S (cast) 

1100 

For gases containing sulpluir. 

Chrome! T (cast) 

1100 

For oxi<lizing or reducing gases, 
sulpliur-frec. 

D Nickel 

900 

94.75Ni + Co, .1C, .iSi, .2Fc, 
.008S, .07Cu, 4.75Mn 

To 900C in sulphur-free atm. 

To 300-500 in sulpliurous, ox. 
atm. 

A Nickel 

1050 

99.40Ni -h Co, .1C, .05Si, .005S, 
.iCu, .15Fe, .2Mn 

To 1050 in sulpliur-frce atm. 

To 300-550 in sulphurous ox. atm. 
To 250-400 in sulpliurous red. 
atm. 

Should not be used where sulphur 
content exceeds .5 %, 

Iconel 

1100 

78Ni + Co, .08C, .3Si, .012S, 
.4Cu, 8Fe, .OMn, 13.5Cr. 

To 1100 in snlphur-free atm. 

To 800 in sulphurous, ox. atm. 

To 550 in sulphurous, red. atm. 
Superior to A, D niclcel, for car- 
burizing, brazing, nitriding, etc. 
Should not be used wlicre sul- 
phur content exceeds .5%. 
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TABLE Jl.-^{Continued) 


Material 

Maximum 

temperature 

Composition, characteristics and 
applications 

Fused quartz 

1000-1400“C. 

99.8-lOOSiOo. 

Rapid reaction with basis fluxes. 
Slow reaction with acid fluxes. 
Good resistance to ox. atm. 
Affected by red. atm. at high 
temp. Excellent resistance to 
spalling. 

Porcelain 

1300 

7 lSi 02 , 2 IAI 2 O 3 , FeaOs and other 
oxides. 

Rapid reaction with basic fluxes. 
Slow reaction with acid fluxes 
except at high temp. Not af- 
fected by red. atm. Good re- 
sistance to spalling. 

Fire clay 

1400 

oSSiOs, 43 iU 203 , S.SFeaOa and 
other oxides. 

Rapid reaction wdth basic fluxes. 
Slow reaction with acid fluxes 
except at high temp. Good re- 
sistance to ox. atm. Not af- 
fected by red. atm. Good 
spalling resistance. 

Mullite base refractory. . 

1300 horiz. 
1500 vert. 

Not impervious to gas. Primary 
and secondary protection for 
rare-metal couples. 

Silica 

1500 

Rapid reaction with basic fluxes. 
Slow reactioir with acid fluxes. 
Good resistance to ox. atm. 
Affected by red. atm. at high 
temp. Poor spalling resistance. 

Sillimanite. 

1600-1800 

STSiOa, 6 SAI 2 O 3 . 

Rapid reaction with basic fluxes. 
Slow reaction with acid fluxes. 
Good resistance to ox. atm. Not 
affected by red. atm. Good 
spalling resistance. Used in 
ceramic kilns, as a secondary 
protection tube, and where re- 
sistance to cutting action of 
fliames and gases is necessary. 
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TABLE II. — (Coniimied) 


— ^ 

! 

Material 

Maximum 

temperature 

Composition, characteristics and 
applications 


1650‘’C. 

28Si02, 72Al20a, (3A1..0.v2Si0.>). 

Silicon carbide 

1650 

Rapid reaction with basi.s flnxe,s. 

Fairlj'^ slow reaction with acid 
fluxes. 

Good resiiBtance to ox. atm. Not 
affected by red. atm. Good 
gpallmg resistance. 

SiC. Softens about 1750°C., de- 

ThOa, BeO, ZrOs. 

. 

2000 

composes at higher temp. 
Fairly rapid reaction with basic 
fluxes. Slow reaction with acid 
fluxes. Fair resistance to oxida- 
tion above red lieat. Not af- 
fected by red. atm. Excellent 
.spalling resistance. 

Excellent refractories. Expen.se 
limits u.se. 



Calibration of a tbermocouple at a few selected fixed points 
will yield a working standard which is accurate to a few tenths 
of a degree in the range 0° to 1100°C. Fixed points are also 
conveniently used with varying degrees of accuracy ranging 
from 0.1° to 5°C. in the calibration and checking of various 
types of thermocouples in the range ~190°C. to the melting 
point of platinum (1773°C.). The fixed points for which 
values have been assigned or determined accurately and at 
which it has been found convenient to calibrate thermocouples 
are given in Table in. (Page So.) 

The e.m.f. developed by a homogeneous thermocouple 
at the freezing point of a metal is constant and reprodncildc 
if all of the following conditions are fulfilled: (1) the couple 
is protected from contamination; (^) the couple is immersed 
in the freezing-point sample sufficiently to eliminate heating or 

W. F. Roescr and H. T. 'Weiisel, J. Research Nat. Bur. Stayidards, 14, 274 (lOS.o). 
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cooling of the junction by heat flow along the wires and 
protection tube; (3) the reference junctions are maintained 
at a constant and reproducible temperature; (4) the freezing- 
point sample is pure; and (5) the metal is maintained at 
essentially a uniform temperature during freezing. 

The temperature of the reference junctions is most easily 
controlled at a known temperature b}'^ placing them in an ice 
bath. A widemouthed thermos bottle filled with shaved ice 
saturated with water is very satisfactory. Electrical con- 
nection between a thermocouple wire and a copper lead wire 
is easily made by inserting them into a small glass tube con- 
taining a few drops of mercury. The glass tubes are then 
inserted into the ice bath to a depth of about 10 cm. The 
lead wires should be insulated from the thermocouple wires, 
except where they make contact through the mercury. The 
glass tubes should be kept clean and dry inside. Moisture 
is likely to conden’se in the tube from the atmosphere but 
should not be allowed to accumulate. A little moisture and 
dirt at the bottom of the tube will form a galvanic cell which 
may vitiate the readings. 

The depth of the immersion necessary to avoid heating or 
cooling of the junction by heat flow along the thermocouple 
wires and protection tube depends upon the material and 
size of the wires, the dimensions of the insulating and protect- 
ing tubes, and the difference between the temperature of the 
freezing-point sample and that of the furnace and atmosphere 
immediately above it. The safest method of determining 
whether the depth of immersion is sufficient is by trial. 
It should be such that during the period of freezing the 
thermocouple can be lowered or raised at least 1 cm from its 
normal position without altering the indicated emf by as 
much as the allowable uncertainty in the calibration. 

Figure 26 shows the type of furnace used in freezing point 
determinations. The heating element is no. 6 or 8 gauge 
80Ni20Cr wire w^ound on an alundum tube and imbedded 
in alundum cement. The space between the heating element 
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and the outside wall is filled with silocel powder. Acheson- 
graphite diaphragms are placed above the crucible in order 



Fig. 2G. — Furnace used in calibrating thermocouples at freezing points of metals, 

to minimize the oxidation of the crucible and to |>romote 
temperature uniformity in the metal. 

Calibrations at the steam point are made by the use of a 
hypsometer constructed to avoid superheating the vapor 
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around the thermocouple and contamination with air and 
other impurities^® A simple type of hypsometer suitable 
for calibrations not requiring the highest accuracy is illus- 
trated in Fig. 27. 

Thermocouple calibration by comparison method 

The calibration of a thermocouple by comparison with a 
working standard is sufficiently accurate for most purposes 
and can be done conveniently in most 
industrial and technical laboratories. 

The success of this method usually 
depends upon the ability of the observer 
to bring the junction of the couple to the 
same temperature as the actuating ele- 
ment of the standard, such as the hot 
junction of a standard thermocouple or 
the bulb of a resistance or liquid-in-glass 
thermometer. The accuracy obtained is 
further limited by the accuracy of the 
standard. Of course, the reference-junc- 
tion temperature must be knowm, but 
this can usually be controlled by using an 
ice bath as described earlier or measured 
by a liquid-in-glass thermometer. The 
method of bringing the junction of the 
couple to the same temperature as that fig. 27.— Hypsometer. 
of the actuating element of the standard {Central Scientific Co.) 
depends upon the type of couple, type of standard, and the 
method of heating. 

In order to insure equality of temperature between the 
measuring junction of the couples in the furnace, they may be 
inserted in holes drilled in a copper or nickel block, or they 
may be welded together as in Fig. 28. Separate potentiom- 
eters, one connected to each couple, are used to measure the 

E. F. Mueller and T. S, Sligh, Jr., Bev. Sei. Instruments, 6, 958 (1922). 
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e.mi.’s. To permit simultaneous readings, each potentiom- 
eter is provided with a reflecting galvanometer. The two 
spots of light are reflected on a single scale, the galvanometers 
being set so the spots coincide at zero on the scale when the 
circuits are open, and hence also when the potentiometers 
are set to balance the e.m.f. of each couple. One in)l(Mitiom- 
eter is set to a determined value and the other adjusl,ed so 
both spots of light pass across the Zero of the scale logether 
as the temperature of the furnace is raised or lowered. This 
method is particulai'ly adapted to^ the calibration of ther- 
mocouples at any number of selected points. 

Methods of interpolating between calibration points 

After the thermocouple has been calibrated at a number of 
points, the next requirement is a convenient means of obtain- 



Fig. 28. — Arrangement to insure good thermal contact between junction of a base- 
metal thermocouple and that of a Pt-PtIUi couple. 

ing corresponding values of e.m.f. and temperature at other 
points. A curve may be drawn or a table giving correspond- 
ing temperature and e.m.f. values may be prepared. ITie 
values in such a table may be obtained by computing an 
empirical equation or series of equations through tlie calibra- 
tion points, by direct interpolation between points, or by 
drawing a difference curve from an arbitrary refeiM^nce table 
which closely approximates the temperature-e.m.f. relation, 
of the couple. The method to be selected for a particular 
calibration depends upon such factors as the type of couple, 
number of calibration points, temperature range, accuracy 
required, and personal preference. 

For the highest accuracy in the range (560° to 10()6°C. 
with platinum to platinum-10 per cent rhodium thermo- 


W. P. Roeser, Bur. Standards J. Research, 3, 343 (1929). 
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couples, the method is that prescribed in the International 
Temperature Scale, iln equation of the form e = a ht 
ct^, where a, b, and c are constants determined by calibration 
at the freezing points of gold, silver, and antimony, is used. 
By calibrating the couple also at the freezing point of zinc 
and using an equation of the form e = a' -{- h't -f c't^ + d'f, 
the temperature range can be extended dovm to 400°C. with- 
out introducing an uncertainty of more than 0.1°C. in the 
range 660° to 1063°C. By calibrating the couple at the 
freezing points of gold, .antimony, and zinc and using an 
equation of the form e — a" b"t -j- c"t^, a calibration is 
obtained for the range 400° to 1100°C., wTich agrees with 
the International Temperature Scale to 0.5°C. The freezing 
point of copper may be used instead of the gold point, and 
the aluminum point used instead of the antimony point 
without introducing an additional uncertainty of more than 
O.TC. 

For temperatures outside the range 660° to 1063°C., the 
method of drawing a smooth curve through the temperature 
and e.m.f. values has just as much claim to accuracy as the 
method of passing empirical equations through the calibration 
points, because an empirical equation performs the same 
function as a curved ruler. For the temperature range 0 
to 1500°C., a curve for interpolation to 1° or 2°C. requires 
calibration points not more than 200°C. apart and a careful 
plot on a large sheet of paper, which is tedious to read. A 
reduction in the number of calibration points increases the 
uncertainty proportionately. If, however, we plot as ordi- 
nates the differences between the observed e.m.f. and that 
calculated from the first degree equation e — 10/, and e.m.f. 
as abscissas, the difference at intermediate points may be 
taken from the curve and added to the quantity 10/ to obtain 
values of e.m.f. corresponding to the appropriate temperature 
in which the uncertainty in the interpolated values is much 
less than in the case in which the e.m.f. is plotted directly 
against the temperature. If we go one step further and plot 
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differences from an arbitrary reference table the values of 
which closely represent the form of the temperature-e.mi. 
relation for the type of couple in question, the maximum 
differences to be plotted will be only a few degrees. In 
this way interpolated values are obtained in which the 
uncertainty in the interpolated values is not appreciably 
greater than that at the calibration points. The more 
accurately the values in the arbitrary reference table conform 
to the e.m.f. -temperature relation of actual couples, the fewer 
the number of calibration points required for a given accuracy. 

The materials used in the construction of base-metal 
thermocouples generally are not as pure as those used for 
rare-metal thermocouples, nor is this necessary. Manu- 
facturers have adopted somewhat different calibration curves 
for thermocouples having the same name but differing slightly 
in thermoelectric properties. Replacement couples having 
the same calibration are provided by controlling the com- 
position of the elements, or by selecting pairs of nuiterials 
from different heats which will match the predetermined 
calibration. This also leads, for example, to the occasional 
use of a different composition of constantan for iron-con- 
stantan and for copper-constantan thermocouples. 

Specifications for iron-constantan and copper constantan 
thermocouples have recently been established^® in an attempt 
to meet the first two essential requirements and the last three 
desirable conditions listed below: 

(1) The calibration should be such that it can be repro- 
duced over a large temperature range with materials readily 
available at present (and presumably in the future). 

(2) It should be the same (within reasonable limits) as 
the temperature-e.in.f. relation of a large percentage of such 
thermocouples now in use. 

(3) It should be near the mean of the extreme limits of the 
temperature-e.m.f. relation for thermocouples of that type. 


1'' W. F. Roeser and A. I. DaW, J, Research Nat. Bur. Standards, 20, 3B7 (1938). 
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(4) It should agree with the most widely used existing 
table. 

(5) The constantan selected for use with copper to 
reproduce the relation for copper-coiistaiitan should be 
such that it can be used with a particular iron to reproduce 
the relation for iron-constantan as well. Typical tables 
are given in the Appendix. 

Reference junction corrections 

It is not always possible to maintain the reference junctions 
(commonly called cold junctions) at a desired temperature 
during the calibration of a thermocouple, but if the tempera- 
ture of the reference junctions is measured it is possible to 
apply corrections to the observed e.m.f. which will yield a 
calibration with the desired reference- junction temperature. 
If the e.m.f. of the couple is measured with the reference 
junctions at temperature and a calibration is desired with 
these junctions at temperature ta, the measured e.m.f. may 
be corrected for a ref erence-j unction temperature of by 
adding to the observed value the e.m.f. which the couple 
would give if the reference junctions were at and the 
measuring junction at t. For example, suppose the observed 
e.m.f. of a platinum-10 per cent rhodium thermocouple with 
the measuring junction at 1000°C. and the reference junction 
at S5°C. is 9.43 mv., and the e.m.f. of the couple with the 
measuring junction at 1000°C. and the reference junctions 
at 0°C. is required. The e.m.f. of the couple when the 
reference junctions are at 0°C. and the measuring junction 
at is 0.14 mv. The sum of these e.m.f. ’s (9.43 and 

0.14) gives the desired value. 

The sign of the corrections must be considered when 
applying these corrections, 

If the thermocouple is very short, so that the reference 
junctions are near the furnace and subject to considerable 
variations or uncertainty in temperature, it is usually more 
convenient to use extension leads to transfer the reference 
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junctions to a region of more constant temperature than to 
measure the temperature of the reference junctions near the 
furnace. The extension leads of base-metal couples are 
usually made of the same materials as the thermocouple 
wires, but in the case of platinum-rhodium couples a copper 
lead is connected to the platinum-rhodium wire and a copper- 
nickel lead to the platinum wire. 

Thermocouple indicators 

Instruments for the measurement of e.m.f.’s generated by 
thermocouples fall into four classes: (i) galvanometers or 
milli voltmeters, (ii) potentiometers, (iii) deflection poten- 
tiometers, which combine features of the first two, and (iv) 
electron tube potentiometers. 

A millivoltmeter is essentially a d’Arsonval galvanometer, 
having a moving coil mounted between the poles of a per- 
manent magnet. An e.m.f. applied to the terminals of the 
instrument causes the current-carrying coil to be deflected 
in the magnetic field until the electromagnetic torque is 
balanced by the mechanical torque of a small control spring. 
The coil is supported either on two pivots at the ends of its 
shaft, or on a single pivot at its center of gravity. 

In the laboratory use of thermocoiqiles, the reference 
junction is usually kept in melting ice. This may not l)e 
practical in industrial use, hence methods of compensating 
for variation in reference junction temperature have been 
devised. One method uses a small bi-metallic strip to vary 
the tension on the control spring in the millivoltmeter as 
the reference temperature (i.e., room temperature) varies. 
Another uses automatic electrical reference junction com- 
pensation in the form of a Wheatstone network one arm 
of which is a coil of wire having a high temperature coefficient 
of resistivity. 

All objection to the use of millivoltmeters is that they 
indicate an e.m.f. less than the value developed by the 
thermocouple. A (small) current is required to actuate 
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tlie indicator. This results in a fail in potential in th^^ line 
and couple equal to the product of their resistance times the 
current. 


TABLE III 

Fixed Points Available Fob Calibrating Thermocouples 


Thermometric fi.ved point 

Values on 

the International Temperature 
Scale 

Temperature of equilibrium 

A.ssigned 
(Primarj' points) 

Determined 
(Secondary points) 

presisure (p) between 680 and 
780 mm. of Hg 

Boiling point of o.vygen. . . . 

Sublimation point of carbon 

°c. 

“F. 

-W.35 

“C. 

»F. 

tp = /too 4- 0.0m(p - 700) 
~0.0000065(p - 760)2 

ip = hao + 0.1443(fp + 273.2) 

(4) 

1 



dio.vide. 



-38.37 

-37.97 






100,000 

212.000 



tp = hm + 0.0367(p - 780) 

- 0.000023 (p + 760)2 
ip = 1700 + 0.208(fp -f- 273.2) 

Boiling point of naphthalene 

Freezing point of tin^ 







Boiling point of benzophe- 



305.9 


tp = tim + 0.184(lp -+■ 273.2) 
(^)) 





Preezing point of cadmium . 






Freezing point of lead* 



327.. 85 
419,4« 



Freezing point of zinc* .... 



787,08 


Boiling point of sulphur , . . 

Freezing point of antimony 
Freezing point of aluminum* 
Freezing point of Cu-.\g 
eutectic alloy. 2 

444.00 

832. 2S 

tp = <780 + 0.0909(p - 760) 

- 0.000048(p - 700)2 

030., 7 

1 106 . 9 



600.1 5 

1200.27 




778.8 

14.33.8 


Freezing point of silver. . , 
Freezing point of gold 

000 . r> 

1700.9 ' 


1000. 0 

194.7.4 




Freezing? point of copper^. . 

1083.0 

1981.4 


Melting point of palludium 
Melting point of plutiniizn. , 



1555 

2831 




1773 

3223 







^ Standard samples of these materials are procurable from the National Bureau of Standards with 
certificates givin;,' tlie freezing point of the particular lot of metal. The values given in this table for 
these materials apply for the stamlar<I samples that are being issued as of tlie present date. 

2 38.1 per cent copper and 71.9 per cent silver by weight. 

The scale of the millivoltnieter can be calibrated arbi- 
trarily to read the correct e.m.f, for a fixed line and couple 
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resistance. If the resistance varies, however, error is intro- 
duced. These difficulties are minimized if the millivolt meter 
has a high resistance. 

Consider a millivoltmeter calibrated to read the potentisd 
difference across its terminals, e^. Let e represent the true 
e.mi. of the couple, Rv the resistance of the millivoltmeter, 
Ra the resistance of the line and couple. Then from Ohm’s 
law; 


Rv 


“ K + R„ " 

It is evident that if Rv is large compared to Rc, the ratio 
+ Rv) becomes nearly unity and Ov differs but little 
from e. A high-resistance millivoltmeter is affected less by 
change in line resistance than is a low-resistance instrument. 
Assume that a 300-ohm and a 10-ohin millivoltmeter have 
been calibrated for an external resistance of % ohms. Table 


TABLE IV 

Errok Due to Change in Line Reststancis 


Line resistance 
(ohms) 

Error in indicator reading 

Error in degn 

><‘sat 1000°(’. 

300 ohms 

10 ohms 

300 ohms 

10 ohms 


per cent 

per cent 

°C. 


1 

-f-0.33 

-f 9.1 

4-3.3 

+ 91.0 

2 

+ 0.00 

± 0.0 

+ 0.0 

:!: 0.0 

3 

-0.33 

- 7.7 

-3.3 

— 77.0 

4 

-0.66 

-14.3 

-0.6 

- 143 . 0 


IV shows the errors which will occur in the ri^ailings (using 
a certain base-metal couple) if the external resisla,n(*e eha,ng<‘s 
to 1, 3 or 4 ohms. Variation in line resistance may b(' taiused 
by oxidation of the wires, poor contacts, temperatma; varia- 
tions in the line and by partial fracture of the h^ad wires. If 
a millivoltmeter, particularly a low-resistances one, is to be 
used where there is considerable variation in, line resistance, 
the meter may be provided with a variable resistancu^ i]i 
series with its moving coil. It is initially calibrated with 
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this resistance at its maximum. In service this resistance is 
repeatedly adjusted to compensate for changing (increasing) 
line resistance. 

Precision laboratory measurements of thermocouple 
e.m.f.’s as well as most industrial plant thermocouple meas- 
urements are made with potentiometers. The potentiometer 
principle is of such general importance and applicability 
that it merits careful study. Consider the circuit of Fig. £9 
in which a battery W produces a potential difference between 
the ends of a uniform resistance wire OB. A current will 



flow in the directions indicated by the arrows, branching 
at M to flow in both parts of the divided circuit. A gal- 
vanometer 0 placed in the lower arm of this circuit will be 
deflected, indicating a current in that branch. Suppose 
a cell E whose e.m.f. opposes and exactly balances the fall in 
potential provided by W between points M and ill' is intro- 
duced in the lower branch. There will then be no net current 
in the lower branch and the galvanometer will be iindeflected. 

Preparatory to measuring an unknown e.m.f., a standard 
cell of known e.m.f. is placed at E. The sliding contacts 
M and M' are adjusted to bring the galvanometer deflection 
to zero. If Es represents the standard cell e.m.f., as the 
distance between M and M' and r the resistance per unit 
length of slide wire, the equation which expresses this balanced 
condition is 

Eg = ttsri (2) 

The standard cell is then removed and the source of unknown 
e.m.f., E, substituted. A new position of the slide contacts 
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is found for which the galvanometer deflection is zero. 
Calling the new distance between M and M"a^ we have 

E = an (3) 

From the last two equations 

Hence if the current i in OB can be kept constant, unknown 
e.m.f.’s can be measured by this method. If were numeri- 
cally equal to Es the unknown e.m.f. would be numerically 
equal to the linear distance a and the instrument would be 
said to be direct-reading. A potentiometer can be made 
direct-reading if initially as is made equal to Es and balance 
obtained by adjusting resistance R rather than the slide 
contacts M or M'. Unfortunately the e.m.f. of the working 
battery W will not remain exactly constant, hence frequent 
standardizations of the potentiometer current by the method 
just outlined are advisable during prolonged use. 

A potentiometer differs from other e.m.f .-measuring instru- 
ments in that when the galvanometer shows a balance, no 
current flows in the circuit of which it is a component. The 
potentiometer principle represents a null method of measure- 
ment. The galvanometer in such service is sometimes 
called a null-point indicator. Readings are independent of 
the characteristics of the galvanometer, but depend on the 
accuracy of the standard cell voltage and the uniformity of 
the slide wire. 

The precision with which the opposing e.m.f . ”3 can be 
balanced depends upon the sensitivity of the galvanometer 
and upon the effective length of the calibrated resistance and 
its scale. For this reason part of resistance OB is usually in 
the form of a slide wire on which contact M' is continuously 
adjustable and the remainder in the form of fixed resistances 
with a dial switch for adjusting M in uniform steps. This is 
illustrated in Fig. 31, which is a circuit typical of many port- 
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able potentiometers. The use of a switch for convenience in 
interchanging E and Es is also shown. 

If the reference junction temperature of the thermocouple 
differs from OC a correction must be made in the measured 
e.m.f. before the standard conversion tables are used to find 
the temperature of the measuring junction. The ways m 
which such corrections may be made conveniently on a 
potentiometer are illustrated by the series of diagrams in 
Fig. 30. 



Extension lead wires 

To secure the advantages of automatic reference junction 
compensation, the lead wires used to connect couples to 
instruments are of the same materials as the couples, or of 
materials having essentially the same temper ature-e.m.f. 
relationship. A couple is thus in effect extended up to the 
instrument so that the reference-junction is exposed at the 
instrument terminal-board to the same ambient temperature 
as is the compensating coil. 

Precision potentiometer circuits 

Figure 31 illustrates the circuit of a portable precision 
potentiometer. The limit of error of such an instrument is 
less than 0.1 per cent. 
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The problem of designing a potentiometer of high precision 
is largely that of making resistance coils of accurate, per- 
manent calibration and of minimizing the possible errors 
introduced by parasitic e.m.f.’s in the instrument. It is 
also desirable to keep the potentiometer resistance in series 
with the galvanometer substantially constant regardless of 
the positions of the dial switches. 



Fig. 31. — Circuit of a portable precision potentiometer. (The Ruhicon Co.) 


As an example of the special circuits^® that are devised for 
precision potentiometers, consider Fig. 32 which illustrates 
the basic principle of the Wenner potentiometer. Two equal 
resistances W and Y are connected in series with Z and are 
shunted by the movable resistance L. The potential between 
P and Q may be varied in known steps by rotating L. Since 
W and Y are equal, the total resistance between N and P, 
and hence the total current, remain constant. Contact 
resistances are effectively in the battery circuit rather than 


E, P, Mueller and F. Wenner, J. Research Nai. Bur. Standards, 15, 477 (1936). 
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in the circuit PQ and are in series with L, so any error due to 
contact resistance variation is negligible. 

Figure 33 shows how this principle is incorporated in the 
second and third dials of the Wenner thermocouple poten- 
tiometer. Measurements with that instrument are made 
within a limit of error of ±(0.01 per cent plus 0.5 microvolt) 
on the high range, or ± (0.01 per cent ±0.1 microvolt) on 
the low range. The latter constant factors represent the 



limit of parasitic e.m.f . that even careful design and con- 
struction cannot eliminate completely. 

Suitable potentiometers are available for measuring 
thermocouple temperatures to any desired precision. For 
moderate-precision temperature measurements, a student- 
type potentiometer (Fig. 158, Exp. 5) is adequate. Figures 
34 and 35 represent instruments having accuracies intermedi- 
ate between smaller portable potentiometers and more preci.se 
laboj'atory instruments, and are used both for laboratory and 
plant testing. For most on-the-spot checking of plant 
thermocouples, smaller and, therefore, lighter portable indica- 
tors of moderate precision are usually adequate. Because a 



92 Temperature Measurement 

single range long enongli to accommodate, iron-constatan and 
cliromel-aliimel couples is only one-quarter utilized by plati- 
num couples, a double range instrument is usually preferred 
where both base-metal and rare-metal couples are to be 
checked. 


SCHEMATIC DIAGRAM 



Fig. 33. — Wenner potentiometer circuit. {Leeds t& Northnip Co.) 


Figure 36 is representative of potentiometers suitable 
for usual high-precision requirements. Also available for 
precision measurements of temperature and temperature 
differences are the White potentiometers, single and double, 
discussed in Chapter X, The double potentiometers are 
particularly useful in calorimetry where it is necessary to 
measure practically simultaneously, two temperatures which 
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Fig. 34.— Portable precision potentiometer. {Rubicon Co,) 


Fig. 35.— Portable precision potentiometer. {Leeds & Northrup Co.) 


94 Temperature Measurement 

are a'ppreciably different and both changing rather rapidly, 
but at about the same rate. 

For extreme precision there is the Wenner thermocouple 
potentiometer. The basic principle of this potentiometer 
has been described (Fig. S$). Its external appearance is 
illustrated by Fig. 37. 

Not all potentiometers use standard cells. A deflection- 
type potentiometer is illustrated in Fig. 38. A slide wire A 
having a current from a dry cell B flowing through it and 
adjustable by rheostat C supplies current to the deflection 



Fig. 36. — Type K-2 potentiometer. (Leeds Norlhrup (Jo.) 

instrument D. In series with the deflection instrument is a 
calibration resistor E. Connected across E in series are a 
reference junction compensation network F, thermocouple 0 
and galvanometer H. A small dry cell I supplies current 
for the network. This current is adjustable to a definite 
value by rheostat J and indicated by milliammeter K. In 
using the instrument, the resistor J is adjusted until the 
milliammeter deflects to a reference line on its scale. L is 
then adjusted until the galvanometer pointer is on zero. 
The temperature is then read on instrument 1). The limit of 
error of such a portable industrial instrument is less than 
0.5 per cent. 
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current through the heater. Here we have a practical 
application of the neutral temperature of a thermocouple, 
discussed in Chap. III. A thermocell, unlike a standard 
cell, is undamaged by polarization, vibration or freezing and 
permits use of a more rugged galvanometer. These are 


In the potentiometer circuit of Fig. 39 the conventional 
standard cell is replaced by a thermo-cell. This device is a 
heater and thermocouple in a vacuum tube. The thermo- 
couple has the property of reversing its e.m.f. at a definite 
temperature of its measuring junction, i.e., for a definite 


Fig. 37. — Wenner thermocouple potentiometer. {Leeds & Northruji Co.) 
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advantages when the instrument is used in aircraft and 
similar applications. 

In another type of deflection potentiometer the gal- 
vanometer reflects a beam of light on photoelectric tubes 



Fia. 38. — Deflection potentiometer. (Lems Emjineering (Jo.) 


c 



Fig. 39. — 'Potentiometer using a thermocell. {Lems Engineering Co.) 

and their response is amplified to give a value of the unknown 
e.m.f. in terms of the reading of a specially-calibra,ted mil- 
liammeter. Figure 40 shows the principle of such a circuit. 
As actually constructed, an a.c. power supply replaces the 
batteries shown. 
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Summary 

The selection of a base- or rare-metal thermocouple, 
its size and its protection depend on the maximum tempera- 
ture and the chemical environment to be encountered. To 
provide a reproducible scale a thermocouple is calibrated 
at selected fixed points, with: (1) protection from contamina- 
tion, (2) adequate immersion, (3) constant, known reference 
junction temperature, (4) pure freezing point sample, and 
(5) essentially uniform temperature maintained during freez- 
ing. The precautions listed as 1-3 are equally essential in 



I'i* Control tube. ftj Compensating shunt resistor 

f/’&rr* Photo-tubes. Rj Damping resistor. 

lii Plate battery. C Damping condenser. 

lis Compensating shunt bat- ts Light source. 

lery. nal Mirror galvanometer. 

Jh&iBi Photo-iubc batteries, ma Indicating milliammeter. 

Ri Standard re.slsior. e Unknown e.m.f. 

Eig. 40. — Photo-electric deflection potentiometer. (Weston Electrical Instrument 
Corp.) 

the subsequent use of a thermocouple to measure an unknown 
temperature. The thermal e.m.f. may be measured with a 
galvanometer, or more accurately with a potentiometer. 
The latter, being a null method, eliminates the effects of 
resistance changes in the thermocouple circuit. Using ther- 
mocouples of various types, temf>erature measurements can 
be obtained over the range from —200 to 3000°C., although 
the practical range is much smaller. 

References. ^ 

Emmons, H. “Theory and Application of Extended Surface Thermo- 
couple.s,” J. 229, (1940). 
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Problems 

1. Is the precisioB of measurements made with the potentiometer of Fig. 

g9 affected by (i) contact resistance at 0 or B? (ii) contact resist- 
ance at M or M'? (iii) variation in the e.m.f. of battery W? (iv) 
change in temperature of the part MOM'? (v) uniform change in 
temperature of the entire circuit ? 

2. What is a cold junction correction? 

3. Calculate the e.m.f. of a Pt vs. Pt,Rh thermocouple whose junctions 

are at 650° and 1300°C., respectively. What per cent error I’esults 
from assuming a linear temperature — e.m.f. relation in making a 
cold- junction in this ease? ^ 

4. Answer Prob. 3 for the case of a chromel-alumel couple. 

5. Which of the thermocouples of Fig. 23 has the highest thermoelectric 

power at the melting point of bismuth? Which thermocouple will 
probably give the highest precision in determining the melting point 
of bismuth? 

6. A millivoltmeter and a recorder, each having a resistance of 100 ohms, 

are connected to a thermocouple. Should tliey be connected in series 
or parallel? Calculate the per cent error in readings for eac:h case, 
if the line and couple resistance is 4 ohms. 

7. What e.m.f, is produced by an iron-constantan tliermt)eouple between 

0°and80°C.? 

8. A thermocouple and its leads are made of 14 B. & S. Gauge (ff iromel and 

alumel wires having resistances 0.104 and 0.0432 ohms per foot, 
respectively. What is the maximum distance that a millivoltitietcr 
may be placed from the couple and not have an error greater than 
0. 1 per cent in its readings ? 

9. The hot- and cold-junction temperatures of a tliermocouplo remain 

constant. If the resistance of couple and line cliauges from 2 to 
3 ohms the millivoltmeter reading decreases by —.33 per cent. 
Calculate the resistance of the millivoltmeter. 

10. A shunt of 15-ohm resistance is used to compensate for variation in 

reference-junction temperature of a thermocouple. If th(^ line and 
couple resistance is 10 ohms, what change in tlie resistance of the 
shunt will ju.st compensate for a decrease of 0.3 per cent in the 
potentiometer reading? 

11. Describe the operation of a thermo-cell. 
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Radiation 

Introduction 

Energy may be transferred from one body to another 
even though no material substance connects them. A 
heated body may lose heat even when placed in a vacuum. 
In such cases the energy in transit is called radiant energy 
and the process of transfer is called radiation. That this 
process is distinct from conduction is evident from the fact 
that it does not require the presence of matter, furthermore 
material such as copper and wood which are so different in 
conductivity, cut off heat radiation equally well when placed 
between source and observer. 

Using relatively simple apparatus, such as a sensitive 
thermopile and a galvanometer as a detector, it is possible 
to determine the chief characteristics of radiant energy: 

1. Rectilinear propagation, according to laws of geometri- 
cal optics, 

2. Velocity equal to that of light. 

3. Propagation through vacuum. 

4. Inverse square law of intensity. 

5. Reflection, according to same two laws as in optics. 

6. Refraction by prisms. 

7. Polarization by certain crystals and by reflection. 

All these observations lead to the conclusion that radiant 
energy and light are similar. In fact radiation is used as 
the more general term, light being that particular kind of 
radiation which is capable of producing visual sensation. 
Figure 41 shows that the whole visible spectrum occupies 
but an exceedingly small part of the whole electromagnetic 
■ ■ . 99 . ■ ■ 
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“spectrum.” This chart illustrates a major achievement 
of physics in discovering the fundamental similarity of a 
number of phenomena which superficially seem unrelated. 

The different units used in expressing wavelengths are 
given in Table I. 

TABLE I 

Units of Wavelength 


Micron. 

Millimicron. . 
Micro-micron 
Angstrom. . . . 
X-uuit 


Unit 


Symbol 


m/i 

till 

A 


Equivalent to 


10“^ cm. 
10-7 

10-w 

10-8 


X.U. 


Prevost of Geneva (179^) was the first to recognize that 
all bodies emit radiant energy at a rate which increases 
with the temperature and which is independent of neighboring 
bodies. The rise or fall observed in the temperature of a 
body is due to exchange of radiant energy with its surround- 
ings. This is known as Prevost’s theorem. 

Certain terms needed in a quantitative discussion of 
radiation will now be defined. 

A blachbody is defined simply as a body that absorbs all 
radiation incident upon it (and reflects or transmits none). 
An equivalent definition is: a blackbody is a radiator which, 
at any specified temperature, emits in each part of the 
spectrum the maximum energy obtainable per unit time from 
any radiator as a result of temperature alone. Radiation 
from such a body is the standard in terms of which radiation 
laws are investigated. Like a perfect gas, it is an idealized 
concept which can be realized only approximately in practice. 

Radiant energy (ZJ) is energy in transit in the form of elec- 
tromagnetic waves. [Unit: erg.] 

Radiant energy density, (u) is the radiant energy per unit 
volume. [Units : erg cm."®] 
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Spectral radiant intensity (Jx) is the radiant energy (of 
wavelength X) per unit wavelength interval emitted per 
unit time by unit area of a blackbody throughout the solid 
angle £7r, i.e., “hemispherical radiation'’ [Units : erg sec.”^ 
cni.“®] 

Radiant intensity (J) is the energy emitted per unit time 
by unit area of a blackbody throughout the solid angle 

i.e., J ~ J>^d\. [Units: erg sec,~^ cm.“^j 

Radiant flux per unit area, or radiance (W) is the radiant 
energy incident upon unit area in unit time. [Units: watt 
cm.~^] 

Radiant flux ($) is the time rate of flow of radiant energy 
[Unit: watt]. 

Steradiancy (N)^ a radiant energy term, is the radiant flux 
per unit solid angle per unit area taken perpendicular to that 
direction. [Units; watt cm."^ steradian"b] 

Total emissimty (e«) is the ratio of the total radiant flux 
from a non-blackbody to that from a geometrically similar 
blackbody at the same temperature. [iV numeric.] 

Spectral emissivity {e-T) is the ratio of the monochromatic 
radiant flux (of wavelength X) from a non-blackbody to that 
from a geometrically similar blackbody at the same tem- 
perature. [A numeric.] 

The following photometric units are also essential in the 
study of optical pyrometry: 

Luminous intensity of a source (/) [Unit: international 
candle]. 

Luminous flux (F) is the rate of transfer of luminous 
energy. [Unit: lumen, which is the flux emitted in unit solid 
angle by a point source of one candle.] 

Illumination {E) on a surface is measured by the luminous 
flux incident on unit area. [Units: lux (lumen m.”-), foot- 
candle (lumen ft.~^)] 

Brightness (B), a light term, is measured by the flux 
emitted per unit emissive area as projected on a plane normal 
to the line of sight. The definition applies both to a seif- 
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luminous body and to one reflecting light. [Unit: iainbert 
(candle cm.~^)] 

Total radiation 

There are two fundamental laws which describe the radia- 
tion from a blackbody. The first, the Stefan-Boltzman 
law,^ shows how the total radiant flux from an area .4 of a 
blackbody varies with the temperature: 

W==aAT^ ( 1 ) 

Measurements obtained by different observers^ on an experi- 
mental blackbody using a radio-micrometer give an average 
value of the constant cr as 5.77 X watt cm.~^ deg.""^. 

This law was originally deduced empirically from experi- 
mental data by Stefan (1879). Boltzmann gave a theoretical 
derivation of the law on thermodynamic considerations, 
treating radiation in a blackbody cavity as analogous to a 
perfect gas. Another viewpoint is to regard Eq. 1 as a 
consequence of Planck’s law (Eq. 6). 

Monochromatic radiation 

The second fundamental law shows how the radiant 
energy is distributed among the various wavelength intervals, 
dX. It required three notable attempts to obtain what is 
now regarded as the correct form of this law (Eq. 6). Wien® 
derived it in the form 

Tx = (2) 

where Ci and are constants. This law^ fits experimental 
observations for short wavelengths and low temperatures, 
but it does not give agreement for large values of XT. 

From Wien’s distribution law (Eq. 2), follow two corol- 
laries which show how the maximum intensity of radiation 

^ Wicd Ann., 22, ^91 ilS8i). 

R. Ladenberg, Handbuch der Physih, voL 33 (I), p, 20, 1933. 

Ann. Physik, 58, 662 (ISm). 
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and the wavelength at which it occurs Xm are related to the 
temperature 

\raT ■■ 

Jm, 

AT^ 


■■ b 

= h' 


( 3 ) 

( 4 ) 


Eq. S is called Wien^s displacement formula. 

A law which is satisfactory for long wavelength and high 
temperature, but not for small values of XT, was derived by 
Rayleigh and JeansMn the form 

Jx = Ac’X~^T (5) 

Planck abandoned the attempt to secure an adequate 
radiation law based upon the ideas of classical physics, and 
introduced his far-reaching quantum hypothesis. This justi- 
fied the law, previously deduced, which may be expressed in 
the following alternative forms 

T AciX~^ STre/iX”® 

= “IT == “IT == (6) 

— 1 — 1 — 1 

Here ci and are constants, h is Planck’s constant, k is the 
Boltzmann constant, c the velocity of light, v the frequency 
of the radiation and X the wavelength of the radiation. The 
last three quantities are related by: c = Xv, 

In order to consider the energy exchanges between radia- 
tion and matter, Planck considered a cavity filled with 
black radiation and the molecules of a perfect gas. Since 
the exact atomic mechanism of the emission or absorption of 
radiation was unknown, radiation and gas molecules could 
not be assumed to interchange energy directly. Planck 
introduced hypothetical resonators which absorbed energy 
from radiation and transferred it wholly or in part to mole- 
cules which collided with them. In this way thermodynamic 


^ M. N. Saha and B. N, Srivastava, A Treatise on Heal, Allahabad: The Indian 
Press, 1935. 
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equilibrium was established. (The important results of 
Planck’s reasoning were later shown to be independent of 
assumptions as to the exact mechanism assumed for their 
derivation.) 

Planck’s resonators were thought of as Hertzian oscilla- 
tors of molecular dimensions. He showed that 


where is the energy d(5nsity of radiation of frequency, v 
and Ev the average energy of a resonator emitting radiation 
of frequency v, Planck’s innovation was the assumption 
that the resonators emitted radiation only in integral mul- 
tiples m of a certain minimum quantity e. 

The mean energy of these resonators is calculated by 
classical methods. According to Maxwell’s formula, the 

probability that a particle possesses energy E e Let 
Ao, Ni, ... Ns ... he the number of particles having 
energy 0, €, 2e, . . . respectively. Then 

iV = Ao 4 - + A^2 + • • • iVs + • • • 

E = e{Nx + + SiVs -f • • • ) 

Ns - 

By addition and the substitution y = e one obtains 


Hence the average energy of a resonator is 


E. 2/e e 


This value for the average energy differs from the value IcT 
given by the eqiiipartition law of classical physics. 
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considering an adiabatic expansion or compression 
of radiation, it may be shown that e = hv. This may be 
taken as a second assumption in the present discussion. 
Rayleigh and Jeans showed that the number of oscillators 
per unit volume in the frequency interval between v and 
V dv is STTvhlpIc^. Hence the energy in that frequency 
interval is 



which is Planck’s law of radiation. 

Planck’s law agrees with the energy curves obtained by 
various investigators from experimental blackl)odies. , For 
a wide range of temperatures (30()°I<!. to 1700“ K.) and a wide 
range of wavelengths (O.og to 5%iJ,) this equation represents 
the observed data to within about 1 per cent. Wien’s law 
gives results accurate to within 1 per cent for values of 
Xr < 0.3 cm. deg. To attain this same accuracy with the 
Rayleigh-Jeans law, XT must exceed 77 cm. deg. 

The older forms of the radiation laws may be shown 
to be special cases of Planck’s law. Thus if XT is small, 

oh 

^ I denominator of Eq. 6 may be 

neglected. It follows that 

Jx ~ STrchX~~^^e 

ch 

which is Wien’s law. If XT is large, may be expanded 
in series and it may be shown that 


Jx - 87rX-4fcT 


which is the Rayleigh-Jeans law. Wien’s displacement law 
may be obtained from Planck’s law by difi'erentiating Jx in 
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Eq. 6 with respect to X and putting the derivative equal to 
zero. Finally, if J^dk is integrated from X =0 to X == oo 
an equation identical in form with the Stefan-Boltzmann 
law results. 

Since intensities are not readily calculable from Planck’s 
law, Wien’s law has long been used for practical calculations. 
When, as at high temperatures, accuracy requires the use of 
Planck’s law, calculations may be facilitated by the use of 
tables.® Figure 42 is a comparison of intensity values cal- 
culated from Planck’s, Wien’s and Rayleigh-Jeans’ laws 



Fig. 42. — Comparison of radiation laws. 

for a temperature of 1600°K. It is apparent that, the Ray- 
ieigh-Jeans law does not give accurate results except for 
extreme values of XT'. It will be noted from the form of this 
law that its curve has no maximum and hence predicts 
radiation of an infinite amount of energy from a given radia- 
tor, which certainly is not in accord with experience. 

Relations between some of the quantities already defined 
and Planck’s law may be summarized in the following 
equations 

dU^dX = ^dXdT = AW\d\dT = (7) 

V'*’ - 1 


® A. N. Lowan and G. Blanch, J. Optical Soc. Am., 30, 70 (1940), 
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Solai^ constant 

A radiation constant of great importance for terrestrial 
life is the solar constant. This is generally given as the 
energy that falls in 1 min, upon 1 cm.^ placed normally to 
the sun’s rays and at the earth’s mean distance from the sun. 
Abbott’s value for the solar constant is 1.94 cal. cm."^ min.“i 
Individual observations range from 1.85 to ^.OS. 



Fig. 43, — Energy distribution for blackbody radiation. 

Lambert’s law 

The brightness of a blackbody is independent of the 
direction from which it is observed. This will be the case 
if for all wavelengths the radiation from a blackbody varies 
as the cosine of the angle of emission. The apy)roximate 
validity of Lambert’s cosine law for non-blackbodies is impor- 
tant in radiation pyrometry. 

The relation between the radiance IF and the brightness N 
in a given direction (steradiancy) of a source which obeys 
Lambert’s law is illustrated by Fig. 44. Consider a unit 
element of surface on the source. Its apparent area in the 
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direction OX is equal to cos a. The energy emitted in a 
cone capped by the element of surface dS taken on a sphere 
of unit radius, is NdS cos a. Since dS cos a is the projection 



da of dS on the plane of the source, the radiance W is equal 
to N multiplied by the sum of all the elements such as da, 
W = ttN, 

Absorption of radiation 

When radiation falls upon a surface, in general part is 
transmitted, part reflected and - the remainder absorbed. 
Three coefficients of trans- 
mission (r), reflection (p) and 
absorption (a) are defined as 
the fractional amount of the 
incident energy which is, re- 
spectively, transmitted, re- 
flected and absorbed. It is 
evident that 

r + p + « = 1 (8) 

For an opaque body the coef- 
ficient of transmission is zero 
and Eq. 8 reduces to p -f a = 1. 

From the assumption that 
the transmission of any body is independent of the intensity of 
the radiation, it follows that each element of thickness dx (Fig. 



-X — - 

Fig. 45. — Absorption of radiation. 



110 Temperatxire Measurement 

45) in a homogeneous medium will reduce the intensity in the 
same ratio. 

—dJ\ ~ hJ-KO • dx 
In /x = —hx 

Tx = = <r'“ (9) 

When the absorbing medium is a solution, Beer’s law 
states 

A == (10) 

where c is the concentration of the absorbing substance, 
jS its specific absorptivity and t the thickness. 

Kirchhoff’s law 

In an enclosure impermeable to heat and at uniform 
temperature, the radiation is independent of the form of the 
enclosure and of bodies placed in 
the cavity. The radiation is 
characterized by a spectral bright- 
ness which is a function only of 
wavelength and temperature. It 
obeys Lambert’s law. 

Consider a body placed in a 
cavity (Fig. 46) which has at- 
tained a temperature equilibrium 
with it. It receives a radiant 
flux $ from the cavity, of which it 
absorbs a fraction a. Since, for 
equilibrium, radiant flux must enter surface A at the same 
rate as flux is emitted from that surface. 



which is Kirchhofl’s law. It states that at a given temper- 
ature the ratio of the radiant flux to the absorptivity is the 
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same for all bodies and is equal to the radiant flux from a 
blackbody at the same temperature. A qualitative statement 
of this law is tliat good absorbers of radiation are also good 
radiators. 

Kirchboff’s law, together with the Stefan-Boltzmann 
law modified to apply to a non-blackbody: IF = etcrT^ give 
$ = etffAT^ and etnAT* la = (tAT^^ or 

et ~ a ( 12 ) 

That is, the total emissi^fity of any radiator is equal to its 
absorption coefficient for blackbody radiation of the same 
temperature. 

Experimental blackbodies 

The concept of a blackbody, used in the derivation of 
radiation laws, would have a very limited utility if it were 
not possible to realize approximate blackbody conditions 
experimentally. Radiation in an enclosure, say a sphere, 
after numerous reflections, comes into equilibrium with its 
surroundings and becomes blackbody radiation. Its intensity 
for a given wavelength depends only on the wavelength and 
the temperature and is independent of the material or shape 
of the enclosure. K small observation hole cut in the sphere 
will not disturb appreciably this condition, and radiation 
streaming from it will be (approximately) blackbody radia- 
tion. Figure 47 shows two forms of experimental blackbodies : 
A a Fery sphere and B a Mendenhall wedge. 

Consider the ray sketched in Fig. 47F. It contains radia- 
tion emitted by the surface at A, plus some originating at B 
and reflected at A, plus some originating at C and reflected 
successively at B and A, etc. The intensity of the emerging 
ray is 

lx = {^x + ^xPx + ^xPx^ 4- • • • ^xPx^jlx (Ifl) 

The relation ex = 1 — px may be used to transform Eq. Ifi so 
that ail terms in the brackets but the first and last cancel: 
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= '{1 - Px + Px - Px^ + Px^ + • • • - px”}/x = J\h (14) 

In practice, if as many as ten reflections are allowed px*" becomes 
negligible and the radiation is sensibly blackbody radiation. 
Ordinary rough oxide coatings approximate this condition. 

Measurements of the radiant flux from non-blackbodies 
are often made with pyrometers and converted into tempera- 
ture estimates as if the source were a blackbody. Values 
so obtained are always less than the true temperatures and 
are called brightness or radiation temperatures. 

Most metals when heated radiate in such a manner that 
their radiation can be color-matched rather closely with 
that from a blackbody at some temperature. The color 



A B 


Fig. 47. — Experimental blackbodies. 

temperature of a non-blackbody is defined as the temperature 
of a blackbody whose visible radiation will match in integral 
color that of the non-blackbody . The radiation temperature, 
which may differ from the color temperature, is defined as 
the temperature of a blackbody whose integrated radiation 
will match that of the non-blackbody. 

Summary 

Planck’s law rZx = STrcAX""® (e^^ — l) describes the experi- 
mentally-observed distribution of energy vs. wavelength in 
the radiation from a blackbody, and the dependence of this 
distribution on temperature. From it can be derived two 
laws of practical importance in pyrometry: Wien’s law for 
monochromatic radiation and the Stef an-Boltzmann law 
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for the total radiation as a function of temperature. ’Lam- 
bert’s law states that the brightness of a blackbody is inde- 
pendent of the angle at which it is observed. Kirchhoff’s 
law is a mathematical statement of the fact that good absorb- 
ers of radiation are also good radiators. It suggests that 
blackbody radiation may be obtained practically by the use 
of a cavity source in which multiple reflections occur. Radia- 
tion is usually absorbed according to an exponential law; 
J\ = in media which only partially transmit it. 
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Problems 

1. Show that for small values of XT Planck’s law reduces to Wien’s law, 

while for large values of XT it reduces to the Rayleigh- Jeans law. 

2. Derive Wien’s displacement law from Eq. 6. 

3. Calculate the ratios of intensities of monochromatic radiation 

Jimo/Jiam as the temperature of a blackbody is increa.sed from 
1000°C. to 1600°C., considering (i) X = 0.4/i and (ii) X = 0.6jU. 
Comment on your answer with reference to Fig. 43. 

4. Taking Abbot’s value of the solar constant, the radius of the sun as 

4.3 X 10® miles and the diameter of the earth’s orbit as l.SO X 10® 
miles, calculate the temperature of the sun assuming it to be a 
blackbody. 

5. A bather lies on a sunny beach. Calculate the approximate energy 

of the radiation received by the bather’s body in 1 hr. List all 
assumptions made. 

6. Which of the substances listed in Table XX most closely approximate a 

blackbody? Explain. 

7. Compare the relative power sirpplies necessary to maintain a furnace 

at temperature of 1000°C. and 2000°C., using the vStefan-Boltzmann 
. law. 
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8. State the relation between the emissivity, the reflectivity and the 

absorptivity of a surface. 

9. A blackened copper sphere of diameter 10 cm. is cooled in an evacuated 

enclosure whose walls are kept at 0°C. In what time does its 
temperature change from 228° to 227°C. ? (Show that heat lost per 
4 fIT 

sec. = g Trr^pC — 4nrr^(r(T* — 5^0^)-) 

10. How many reflections are required in (i) a platinum cavity, (ii) a 

carbon cavity to reduce the intensity of an entering light beam to 5 % 
of its initial value? 

11. A piece of incandescent carbon at 2000°K. is seen reflected from a clean 

platinum surface at the same temperature. How does the sum of 
the normal platinum and the reflected carbon brightness compare 
with that of a blackbody at 2000°K.? 

12. The operating temperature of a tungsten filament in a lamp bulb 

(evacuated) is 2450°K. and its emissivity is .80. Find the surface 
area of the filament of a 25 w. lamp. 

13. Compute the number of quanta of radiation from a sodium lamp 

(5890A) requh'ed to make an erg of energy. 

14. Calculate the power (watts cm.~“ sec.“^) reaching the receiver of a total 

radiation pyrometer which subtends a solid angle of 0.01 of a black- 
body source whose temperature is 10()0°K. 

15. An optical pyrometer is sighted through a window of absorption 

coefficient g and thickness .r on the .surface of a metal which has 
emissivity e\. Derive the relation between the true temperature of 
the metal Tt and the temperature indicated by the oi)tical pyro- 
meter Ta. 

16. A radiation pyrometer is sighted through a “gray” window of al).sorp- 

tion coefficient n and thickness x on the surface of a molten metal 
which has a total emissivity e. Derive the relation between the 
true temperature of the metal Tt and the temperature indicated 
on the pyrometer Ta. 
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Radiation Pyrometry 

Introduction 

The temperatures of very hot bodies have long been 
judged visually by their c»lor or brightness. Table I is a 
color scale of temperature. With practice one can probably 
estimate temperatures visually to within 50°C. Thus it 
may be said that temperatures were estimated by Wiens’ 
displacement law long before that law was explicitly for- 
mulated (Fig. 48). 

TABLE I 


Color 

Degrees 

centigrade 

Degrees 

Fahrenheit 


475 

887 


550-625 

1022-1157 

Full cherrv red 

700 

1292 

Light red 

850 

1562 

Orange 

900 

1652 

Full yellow 

950-1000 

1742-1832 

White 

1150 and up 

2102 and up 



Direct visual estimation of temperature is, naturally, 
only approximate and has all the uncertainties of a purely 
subjective method. Instruments which permit quantitative 
measurement of temperature in terms of radiation either 
provide the human eye with a standard comparison body or 
contain a sensitive element which makes visual observation 
unnecessary. 

The Stefan-Boltzmann law and Wien’s radiation laws, 
which describe the manner in which the radiation emitted 
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a partial radiation pyrometer and may be of either the optical 
or photoelectric type. A third type of instrument is a color 
pyrometer which indicates temperature from the relative 
intensity of radiation at two different wavelengths, usually 
in the red and green. 


Total Radiation Pyrometers 

Principle of operation 

In most total radiation pyrometers a convex lens or con- 
cave mirror concentrates a fraction of the radiation from the 
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fronr a hot body varies with the temperature, suggest three 
ways in which radiation can be utilized in pyrometry. A 
pyrometer may be designed to measure as heat the radiation 
of all wavelengths emitted by the source. Such an instru- 
ment is called a total radiation pyrometer, or more often 
merely a radiation pyrometer. A pyrometer may be respon- 
sive to the intensity of radiation only in a narrow band of 
wavelengths, usually in the visible spectrum. It is then called 


Fig. 48. — The first optical pyrometer. (H. T. Wensel.) 
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test body on a sensitive element which has a blackened 
receiving surface. The sensitive element may be a bimetallic 
spiral, a platinum foil whose resistance changes with tempera, - 
ture, a small bar whose magnetic permeability varies with 
temperature, a thermocouple or a thermopile. In the 
common type of radiation py- 
rometer the e.m.f. of a ther- 
mocouple is used to actuate a 
galvanometer. Calibration is 
done empir ically with the aid of 
a blackbody, and the pyrometer 
scale marked to indicate tem- 
perature directly. 

A total radiation pyrometer 
for use as a portable instru- 
ment is illustrated in Fig. 49. The receiver, a blackened plat- 
inum foil, and the thermocouple are mounted in an evacuated 
tube for protection and to avoid the effect of convection cur- 
rents. Sighting the instrument is done through an ocular 



Fig. 49. — Total radiation pyrom- 
eter. {Bacharach Industrial Instru- 
ment Co.) 



Fig. 50. — Total radiation pyrometer. {Pyrometer Instrument Vo.') 


lens. The eye is protected by a red filter. The thermocouple 
e.m.f., and hence the temperature, may be read on an auxiliary 
galvanometer or used to operate a recording instrument. 

A self-contained type of total radiation pyrometer is 
illustrated in Fig. 50. The galvanometer can be clamped in 
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its deflected position and read after the sighting telescope 
has been lowered from the eye. 

One type of fixed-focus radiation pyrometer uses a conical 
mirror to gather radiation and concentrate it on a receiver 
placed near the apex of the cone. No optical device is 
needed for sighting the pyrometer. It is held in the hand 
and pointed toward the test body until the millivoltmeter 
reaches a maximum deflection. This type of instrument 
does not give visual assurance that the dimensions of the 



Fig. 51.- — Total radiation pyi’oraeter. (Leeds & Northruj) Co.) 

source are large enough so that its image completely covers 
the receiver. 

Many total radiation pyrometers are used in permanent 
installations for checking or recording the temperature of fur- 
naces and ovens. A pyrometer for such applications (Fig. 51) 
is sealed in a case which protects it from dust, moisture anti 
stray radiation. Provision is made for adjusting the tem- 
perature range and for focusing the pyrometer if it is to be 
used at a distance less than the ‘'fixed focus” distance. 

To an increasing extent in recent years, the radiation 
pyrometer has become an accepted industrial pyrometer for 
certain types of measurement. Its use is well established in 
at least eight types of service: where (1) vibration or (2) 
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corrosion ruins couples; where (3) the work or (4) the furnace 
moves; where (5) protecting tubes make couple response 
too slow; (6) where temperature is above thermocouple 
range; (7) where the temperature gradient between work and 
couple fluctuates; and (8) w^here maintenance of couples 
(usually but not always platinum) is excessive. 

Change of range 

In measuring very high temperatures with a radiation 
pyrometer it is customary to intercept part of the radiation 
with a diaphragm placed iii, front of the pyrometer opening, 
and then recalibrate the pyrometer. Thus the instrument 
itself need not be subjected to a detrimental increase in 
temperature. By having two scale ranges on the galvanom- 
eter its deflections may be read more accurately. The 
temperatures T\ and T‘i of a source when viewed through 
diaphragm areas Ai and do respectively, for a given gal- 
vanometer deflection are related by the Stefan-Boltzman law 
A,TA = A,TA ( 1 ) 

Effect of distance 

It is necessary that the image of the radiating source be 
properly focused in the radiation pyrometer, i.e., the source 
and the sensitive element should be at conjugate foci of the 
lens or mirror. Furthermore, for lens-type detectors, the 
image should cover completely the receiving disk (Fig. 49) 
or the opening in the shield placed over the thermocouple 
(Fig. 51). This condition will be satisfied for only one dis- 
tance of the object, for a given position of the lens with 
respect to the receiving disk. For any other distance, the 
image will be out of focus, and the temperature measurement 
will be in error. If the instrument is focused for a distance 
twelve or more times the focus length of the lens, it is usually 
sufficiently well in focus for greater distances. 

In a mirror-type radiation pyrometer, it is the image of 
the front diaphragm which is focused on the receiving disk. 
In general, the disk is not completely covered. The measured 
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temperature is independent of object distance, provided the 
object is large enough to completely fill the field of view of 
the pyrometer. 

Ribaud has investigated experimentally the infliieiice of 
the size of the image on the readings of a total radiation 
pyrometer, using a sheet of oxidized nickel, uniformly heated 
electrically, as the source. The e.m.f. increased appreciably 
(about 20%) as the size of the image increased from 0.15 cm. 
(diameter of the receiver) to 1 cm. If the instrument were 
calibrated with an image diameter equal to 4 mm. errors of 
2% and 11% would result in the e.m.f. read with images of 
10 and 2 mm., respectively. These errors appear because the 
radiation which is not intercepted by the thermocouple heats 
the surrounding walls resulting in their radiating toward the 
receiver. This effect increases with the size of the image. 

Calibration 

The calibration of a total radiation pyrometer is effected 
by directing it toward an electrically-heated cavity which 
approximates a blackbody. The temperature of the furnace 
is obtained from a partial radiation pyrometer or a ther- 
mocouple, and the corresponding e.m.f. for the total radia- 
tion pyrometer noted. This calibration requires a source of 
relatively large volume held at uniform temperature. It is 
more difficult than the calibration of a partial radiation 
pyrometer. A graphite muffle or a porcelain tube provided 
with diaphragms can be made to approximate a blackbody. 
A slow circulation of air avoids the accumulation of carbon 
dioxide in the path of the radiation. 

Sources of error 

Radiation pyrometers are more difficult to use accurately 
than appears at first glance. They are calibrated for black- 
body conditions. When a pyrometer is sighted on a furnace 
cavity of uniform temperature the radiation which it receives 
is approximately blackbody radiation. When, however, 
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radiation pyrometer readings are taken on a test body iii the 
open, the measured temperature Ta is lower than the true 
temperature T by an amount which depends upon the 
emissivity of the surface. The amount of such discrepancy 
can be calculated from the Stefan-Boltzman law provided 
the emissivity et is known, 

etcrAT^ = <rATA 

7^ 4 

( 2 ) 

The emissivities of many non-blackbodies are small and 
inaccurately known. Radiation pyrometer measurements 
on such materials are unreliable. Fortunately in many 
industrial processes it is sufficient to be able to reproduce 
certain temperature conditions without the necessity of 
measuring the temperatures with high accuracy. For such 
application a radiation pyrometer is satisfactory provided 
merely that its calibration remains constant. 

Industrial measurement 

A closed-end tube inserted in a furnace or molten bath 
can serve as a blaekbody target for radiation pyrometer 
measurements. It also eliminates the effect of flames or 
absorbing gases. By extending .the reasoning discussed in 
deriving Eq. V.14 it is possible to calculate the ratio of length 
to diameter necessary for a cylindrical tube of known emis- 
sivity to approximate any desired degree of “blackness” 
(Table II). 

TABLE II^ 

Ratio of Length to Diametek for a Cylinder op 99% Blackness 


Leng'th/diameter 

Emissivity of tube 

0.75 0.50 0.25 

First approximation. 

3.8 ^ 

5.8 

9.0 

Second approximation 

4.8 

7.0 

! 10.7 



1 H, Buckley, Phil, 17, 576 (1934). 
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In some applications, such as on glass furnaces, the 
pyrometer may be sighted directly on the molten surface 
whose temperature it is desired to measure. Even then the 
use of an open-end sighting tube through which a current 
of air is forced is an advantage in removing absorbing gases. 
Radiation pyrometers are by no means limited in their 
application to measuring temperatures of molten materials. 
They are frequently sighted on material being heat-treated, 
stock being hot-rolled, or on the linings of furnaces, kilns, etc. 

Errors due to the heat radiated from the pyrometer to 
the thermocouple increase with the size of the image of the 
source. They are greater in instruments using glass mirrors 
than in those using metallic mirrors because of the poor 
thermal conductivity of glass. Instruments provided with 
glass or quartz lenses which are absorbing in the infra-red 
are subject to erroi's due to their heating. Such errors are 
minimized by using the instrument with the image of the 
same size as that for which it was calibrated. Water-cooling 
of the instrument case and the use of a fluorite lens practically 
eliminate this cause of error. 

Partial Radiation Pyrometers 

Principle of operation 

The idea of an instrument employing Wien’s law to 
measure temperatures was suggested by Le Chatelier (1892). 
Most partial radiation pyrometers rely on visual observations. 
Some employ phototubes. The human eye can judge the 
equality of two illuminations of the same color with high 
precision, but not their ratio. This characteristic of the eye 
is taken into account in the design of many types of precision 
scientific instruments, such as photometers, colorimeters and 
polar imeters, in which the eye is required only to observe when 
two parts of a divided field of view are matched. 

An optical pyrometer may be regarded as an instrument 
designed ■ to improve visual estimates of temperature by 
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providing the eye with a comparison source. The com- 
parison source is a lamp filament. The filament is connected 
in series with a battery, resistor and milliammeter. By 
varying the current through the filament it may be made to 
match in brightness the image of the hot body on which the 
pyrometer is sighted. The temperature of the test body is 
then determined from a reading of the milliammeter and a 
calibration curve provided for the lamp used. In an alter- 
native design of optical pyrometer the filament current is 
kept constant and a match obtained by varying the amount 
of radiation from the source which is admitted to the eyepiece. 

Temperatures might be measured with an optical pyrom- 
eter using the whole visible spectrum. If that were done 
errors would be introduced and observers would differ widely 
in their readings owing to the color difference between the 
filament and the source being examined. Greater accuracy 
is obtained if a so-called monochromatic filter is used in the 
eyepiece. This is usually a glass which transmits a narrow 
band of wavelengths (0.005 to O.Olg wide) in the red (0.63 
to 0.67;u). Red screens are chosen for the following reasons: 
(i) At low temperatures red radiation first becomes visible 
and hence readings may be made at slightly lower tempera- 
tures with red glass, (ii) Subjectively the color change with 
wavelength seems much less in the. red than in the green, 
(iii) Better visual monochromatisni can be obtained for 
glasses of this color because the visibility curve fixes the cut-off 
at the long wavelength end of the red band, and the glass is 
required to cut off only the short wavelength end of the 
spectrum. 

Truly monochromatic screens are nonexistent. If they 
were available, the very limited intensity which they could 
transmit would make them of doubtful value in practical 
optical pyrometry. In using a pyrometer with a screen which 
is only approximately monochromatic, it is the integral 
luminous intensity through the screen, of the source examined 
(at one temperature) and of the pyrometer filament (at a 
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]ower temperature) that are compared. For this reason the 
effective wavelength of the screen has been defined as 
the wavelength for which the ratio Z of the spectral bright- 
ness of two blackbodies at temperatures Fi and is equal 
to s, the ratio of the total fluxes which they send through the 
screen. 

Change of range 

An optical pyrometer may be adapted to measure tem- 
peratures higher than the maximum operating temperature 
of its filament by interposing one or more absorbing screens 
between the objective and the filament. The thickness x 
of filter having an absorption coefficient k needed to change 
the pyrometer range by a specified amount can be calculated 
by combining the expression for Wien’s law with that used in 
defining an absorption coefficient. 


CiX~'V 

Performing the division indicated and taking the logarithm 
of each side of the equation we obtain 


L JL _ ^-Xa? 

f ~ t; " ■" V 


(4) 


where Ta is the apparent temperature of a blackbody of 
temperature T when viewed through a screen of thickness x 
having an absorption coeflficient k. 


Effect of distance 


Temperature measurements made with a, partial radiation 
pyrometer are independent of the sighting distance, subject 
to the restrictions mentioned for total radiation pyrometers. 


Glowing filament pyrometers 

In a Morse type optical pyrometer, Fig. 52, an objective 
lens focuses a real image of the furnace opening or other 
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source in the plane of a standard lamp filament. Both 
image and filament are magnified for the observer by an ocular 
lens. The current is varied until the filament matches the 
background illumination. The calibration of the instrument 
gives the temperature of the test body in terms of the filament 
current. The uncertainty of measurements made with such 
an instrument is of the order of 10°C. Its accuracy is limited 
usually by the milliammeter rather than by the sensitivity 
of the eye in judging a photometric match. A common 



Fig. 52. — Glowing filament optical pjTometer. (Leeds & Northrup Co.) 

source of failure of the milliammeter is the accumulation of 
iron dust on the coil and the pole faces of the meter. 

In precision laboratory optical pyrometers, a potentiom- 
eter is used for measuring the lamp current. A potentiometer 
circuit has been adapted for use in a portable optical pyrom- 
eter” in the form diagram in Fig. 53. The current through 
the pyrometer lamp L is adjusted with the slidewire rheostat 
A when the switch 8 is closed. The current from the battery 
flows through the shunted potentiometer sHdewure 11 and the 

2 R. C. Machler, TJca. (Sci. 10, 386 (1939). 




126 Temperature Measurement 

resistor C, The potentiometer slidewire can be considered 
as being a variable shunt, the resistance of which is adjusted 
so that the product of the lamp current I and the shunt 
resistance equals the e.mi. e of the standard cell E. For 
potentiometer balance 

^ ( aRR' , jy ) 

^ l(jR + R') ^ (■>) 

where a is the fraction of the potentiometer slidewire included 
in the potentiometer shunt. 



Fig. 58.— Potentiometer circuit for portable optical pja’ometer. 


It is evident from Eq. 5 that for a = 0 


/ma. = ■ 


and for o: = 1 




RR' 


iR + R') 


7 \ + Ra 


from which Rc and the shunted value of R can be deter- 
mined for a lamp which requires known and to 
cover the temperature range. The scale associated with 
contact P can be calibrated in milliamperes or in tempera- 
ture. Thus has been provided a direct-reading potentiom- 
eter instrument, fully adapted for plant use, which offers 
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many advantages not possessed by the earlier milliammeter- 
type instruments. 

The lamp is operated with currents ranging from 20 to 
60 ma. The galvanometer is sufficiently sensitive to detect 
a 0.1% unbalance of the potentiometer which corresponds to 
approximately 1°C. A further increase in accuracy of tem- 
perature readings cannot be expected by maldng the current 
measurements more accurate, since the photometric match 
cannot be made consistently to better than 1 %, which cor- 



Fig. 54. — Pyrometer lamp. (W. E. Forsythe, J. Applied Phys'ics, 11, 408 (1940).) 

responds to a temperature uncertainty of the order of 1°C. 
in the low range of the instrument. 

The rheostat and potentiometer slidewire contacts are 
coupled mechanically with a friction clutch so that when the 
rheostat contact is moved to adjust the current the potentiom- 
eter contact is carried with it in the direction required to 
maintain potentiometer balance, but when the potentiometer 
contact is operated by its knob the rheostat contact remains 
at rest. This device facilitates manipulation of the instru- 
ment and protects the standard cell from unnecessary 
currents. 

Improvements in lamp design as well as in current- 
measuring circuits have contributed to the increased accuracy 



128 


Temperature Measurement 

of modern optical pyrometers. The pyrometer lamp (Fig. 54) 
should have a very clear glass bulb and, for the most accurate 
work, should have plane glass windows on both sides. These 
windows should not be perpendicular to the axis of the tele- 
scope but should be mounted at an angle of about 15 from 
perpendicularity so as to avoid reflecting images of the 
filament into the field of view. The vacuum in the bulb 



Fig. 55 . — Optical pyrometer. {Pyrometer hidrnment Co.) 


should be the best obtainable. A tungsten filament if not 
used above the melting point of palladium (1828°K.) will 
last almost indefinitely, and any failure will probably be due 
to accident rather than to any deterioration in the filament. 

Gray wedge pyrometers 

Figure 55 illustrates a compact type of gray wedge optical 
pyrometer. The filament current is adjusted with the aid 
of the rheostat and milliammeter to the value for which the 
lamp was calibrated. Then, with the pyrometer sighted on a 
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hot body, the circular wedge is rotated until the brightness 
of the incident radiation is reduced to match the brightness 
of the comparison lamp. The temperature is read directly 
from the scale affixed to the wedge. The appearance of the 
field of view is indicated in the lowest part of the diagram. 
Owing to the red filter in the eyepiece the comparison is 
made with approximately monochromatic light and does 



not depend upon the observer's color vision. The range of 
the instrument can be changed by inserting another absorbing 
screen between the source of radiation and the comparison 
lamp in the pyrometer. 

In a laboratory type gray wedge pyrometer designed by 
liibaud the constancy of the filament temperature is indicated 
by measuring the filament resistance on a Wheatstone bridge. 
The radiation from the source is reduced to match that of the 
filament by a progressive gray filter like that described above. 
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The accuracy attained by such an instrument is limited by 
the ability of the eye to judge the equality of the two illumina- 
tions. This uncertainty is only about 1° at 1000°C. and 
2°atS000°C. 

Gray wedge, crossed-filament pyrometer 

In a novel type of pyrometer two crossed filaments of 
different resistances are combined in one lamp (Fig. 56). 
Control of the current by an external variable resistor changes 
tlie brightness of the filaments. For only one particular 
value of the current are both filaments equally bright. This 
gives a fixed reference temperature. By means of a graduated 
gray wedge between the objective lens and the lamp the 
radiation of the test body is decreased to match that of the 
filaments. The edge carries a scale calibrated to read 
temperature. This pyrometer dispenses with the need for a 
milliammeter. Technical difficulties in the manufacture 
of the crossed-filament lamps have retarded the industrial 
use of this type of pyrometer. 

Photoelectric pyrometers 

In a photoelectric pyrometer the radiation from a hot body 
is directed on a phototube and causes it to pass a current 
which bears a definite relation to the temperature of the test 
body. This current is amplified by an especially stable 
vacuum tube amplifier and the amplified current is used to 
actuate an indicator, recorder or controlling instrument. 
The principle advantages of such a pyrometer are its rapid 
response and the fact that it can be used to provide con- 
tinuous temperature records. 

A vacuum type phototube with a caesium-oxygen-silver 
cathode is employed in the photoelectric pyrometer. While 
such, a tube is far less sensitive than a gas-filled tube, it is 
also much more stable. In Fig. 57 are shown energy vs 
wavelength curves of the same type as in Chap. V, Fig. 43. 
In addition there is shown in Fig. 57 a curve of the relative 
response of a phototube to radiations of various wavelengths. 
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The relative response of the phototube to radiation from a 
body at various temperatures may be found by multiplying 



(0 RetatWe rcspons 

^ k — — of phototube to 

2 ct-4 amounts) 

(fl \pf anargy J 


Wavelength in microns 

Pig. 51 ^ — Blackbody radiation and phototube response. (W. E. King, Qen. Elec. 
Rev., 39, 526 (1936).) 



Pig. 58. — Relative phototube response to blackbody radiation. (W. R. King, Gen. 
Elec. Rev., 39, 526 (1936).) 

the ordinates of the phototube response curve by the ordinates 
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under the curve resulting from the plotting of these products 
against the wavelength is the relative phototube response 
for the temperature represented by the radiation curve used. 
If this process is carried out for a number of temperatures, 
a curve of relative phototube response for various tempera- 
tures may be obtained by plotting the areas against the 
temperatures. Such a curve is shown in Fig. 58. 

Data taken on a number of vacuum type phototubes 
indicate that variations in sensitivity over a period of 1000 
hr. are, at worst, around ten per cent, and that these variations 
are relatively slow. Reference to Fig. 58 will show that a 1 0 per 
cent variation in phototube response corres- 
ponds to only a small error in temperature. 

Color pyrometers 

In many applications of practical impor- 
tance it is desired to make temperature de- 
terminations with an optical pyrometer on 
test bodies whose emissivities are not accu- 
rately known. The temperature indicated 
by a conventional optical pyrometer is less 
than the true temperature by an unknown 
amount. If the temperature can be deter- 
mined as a function of the relative intensities 
of radiation of two colors, the diffi- 

culty associated with the unknown emissivity 
is greatly reduced. The uncertainty is not 
entirely eliminated since the emissivity may be slightly differ- 
ent for the two colors, being generally greater for shorter 
wavelengths. A color pyrometer is designed to facilitate such 
measurements. 

Consider that filter A in Fig. 59 transmits only two colors, 
say red and green. Filter is a wedge which absorbs red 
in gradually increasing amounts. Filter, C is a wedge which 
absorbs green in gradually increasing amounts. If filters B 
and C were absent the eye would receive a mixture of red and 



Fig. 59. — Sche- 
matic diagram of a 
color pyrometer. 




Fig, 00. — Color py- 
rometer. {Pyromeicr 
Irntrumnii Co.) 
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green radiation. For a certain temperature of the 'source 
this mixture would match an arbitrary standard, say white, 
and would appear red or green at temperatures respectively 
higher or lower. Suppose that w^hen the source is viewed 
through filter A a green tint is observed. 

Then by adjusting the position of B or C 
the absorption of green can be increased 
until the tint becomes white. If B ab- 
sorbs more strongly than 0, the filters can 
be joined rigidly and moved together to 
obtain the desired effect. In practice the 
three filters are joined and the compound 
filter moved with respect to an eyepiece, 
simultaneously moving a pointer along a 
scale calibrated in temperatures. 

The highest temperature thus meas- 
ured is about 3000°C. A range of 500 to 
2000°C. is ordinarily sufficient. Practi- 
cally, the lower limit of temperature de- 
pends upon the colors chosen. For bright 
metals of low emissivity the limit is 600°C. 
for red, 750°C. for yellow, 900°C. for green 
and 1000°C. for blue. 

Physiological considerations require 
that for high accuracy colors be used which 
provide marked change in tint on each 
side of the standard setting. It is best to 
use complimentary colors, taking white as 
the standard for reference. Readings are 
influenced by the effect on the eye of 
brightness and fatigue and by the sensitiv- 
ity of the eye to color. Partial color blind- 
ness can be compensated for by appropriate choice of filters. 

The filters of the original color pyrometers were organic 
dye solutions in glass cells. In the portable instrument^ 

* G. Naeser, /lre/ 2 . jEi-venA/iftenw. 9, 483 (1935). 
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pictured in Fig. 60 glass filters are used. The optical system 
is constructed to provide a divided field of view. An arrow 
appears against the image of the test body. The position 
of the filters is changed by rotating two knurled rings until 
the an’ow blends with the image in the same shade of color. 
One scale gives the true (color) temperature of the object 
under consideration whereas a second scale is calibrated for 
blackbody conditions. Under truly blackbody conditions 
the two scale readings are identi- 
cal. It is apparent that the color 
pyrometer can be used to obtain 
temperatures of bodies of unknown 
emissivity and even to estimate 
their emissivities. 

Figure 61 is an interesting com- 
parison of three methods commonly 
used in measuring steel tempera- 
tures. The curves A, B and C are 
cooling curves for molten iron ob- 
tained respectively with a Pt-PtRh 
thermocouple in a ^ mm. protecting 
sheath, an optical pyrometer and a 
Naeser color pyrometer. The in- 
struments were checked before and 
after the experiment at the gold 
point. The color pyrometer indications are probably accurate 
to within one or two per cent. 

Photoelectric color pyrometer 

A pyrometer‘s which combines the advantages of a color 
pyrometer with those of photoelectric (continuous) detection 
is illustrated in Fig. 6^. The radiation from the source is 
split into red and green beams, the ratio of whose intensities 
is dependent only upon the temperature of the source. These 
two colored beams are received simultaneously by two photo- 

** H. W. Russell and C. P. Lucks in Temperature — Its Measurement and Control 
.... pp. 1159-1163. 



Fig, 61. — Cooling curves ob- 
tained with (/i) thermocouple, 
(jB) optical pyrometer, (C) color 
pyrometer. 
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electric cells, and the ratio of the output currents proVides 
a direct indication of the temperature. This current ratio is 
determined by a Wheatstone network (Fig. 63) in which 
resistances of variable ratio are adjusted to give zero potential 



Fig. — Schematic diagram of head for portable two color photoelectric pyrometer. 

between their outer terminals. In a manually operated 
form of the instrument a variable high resistance is used and a 



Fig. (53. — Circuit diagram for portable two color photoelectric pyrometer. 

6E5 “visual tuning” vacuum tube is used as the null indicator. 
In an automatic recording form of the instrument the photo- 
electric cell currents are amplified by tubes in the pyrometer 
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kead', and the variable ratio resistances are in a remote self- 
balancing recorder. The instruments are operative on sources 
having temperatures in excess of 1000°C. For measurements 
made under gray conditionSj i.e.j i^red ^greens the tempera- 
tures indicated are accurate to within 10°C. 

Effect of absorption 

If the radiation from a test body undergoes any absorption 
before reaching the pyrometer the reading indicated by the 
instrument will be lower than the true temperature. The 
effect of smoke, moisture and carbon dioxide, which absorb 
in the infra-red, is not as detrimental on the reading of a 
partial radiation pyrometer as in the case of a total radiation 
pyrometer. 

It is occasionally desirable to introduce a sheet of glass 
or a totally reflecting prism between the source and the 
objective lens of a partial radiation pyrometer. When light 
is incident normally on a glass surface approximately 4 per 
cent is reflected. The transmission factor for a clear glass 
plate or prism is therefore about 0.92. A temperature Ta 
indicated by a pyrometer sighted through a clear glass plate 
then requires a correction AT determined from the relation 

AT \ 

-p = ~ antilogy 0.92 - 38 X 10-' (for X - 0.05) 

The transmission factor is nearly independent of the 
angle with the normal up to 40°, and then falls off rapidly 
from 0.92 to about 0.50 as the angle of incidence increases 
from 40° to 75°. If the transmission factor is known, the 
correction to be applied to the pyrometer reading may be 
obtained conveniently from Fig. 64.® If the glass shows 
color there will be additional absorption losses that cannot 
be obtained from the chart and which must be determined 
experimentally. 


® F. Benford, J, Optical Soc. Avi. 29, 162 (19.89). 




Fig, 64. 
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Disappearance of filament 

For precision measurements with a disappearing filament 
pyrometer one might suppose that it is important to have the 
filament appear uniformly brilliant without dark or bright 
fringes at its borders. The fringes frequently observed 
have been variously attributed to reflection of light of the 
test body from the filament, diffraction effects, and the failure 
of Lambert’s cosine law for emission from the filament. 
Pyrometers have long been designed under the restrictions of , 
angular aperture arising from experiments of Fairchild and 
Hoover (1912) and of Worthing and Forsythe (1914) suggested 
to minimize the filament fringes. 

Cunnold® has suggested that as long as the ratio of filament 
brightness to background brightness is constant it need 
not be 1. Tests by various observers of a radiation pyrometer 
in which an iris diaphragm varied the exit aperture from 
0.02 to 0.07 radian showed that as the aperture increased the 
filament disappearance became less perfect but that the 
accuracy of temperature readings increased. Increasing 
the light in a pyrometer is advantageous for it permits the 
use of more-nearly monochromatic filters and permits exten- 
sion of the optical scale to lower temperatures. 

A method of contrast may be used in reading an optical 
pyrometer to increase slightly the precision and to decrease 
eye fatigue. A piece of clear glass is held in front of the 
objective and the current adjusted so that the filament is seen 
as slightly brighter than the background. When the glass is 
removed the filament appears slightly d,arker than the back- 
ground. By successive trials an equality of contrast is 
attained. The same result may be accomplished by intro- 
ducing in the filament circuit a small resistor which can be 
momentarily short-circuited to produce contrast in filament 
brightness. 


® P. A. Cunnold, Proe. Roij. Soc. 152A, 64 (1935). 
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Calibration ' 

The primary calibration of an optical pyrometer is made 
at the temperature of solidifying platinum (1773'^'C.). A 
closed-end porcelain tube immersed in the platinum serves 
as a glowing blackbody target. A precision laboratory 
optical pyrometer is used to calibrate service pyrometers 
without necessarily using a blackbody. The comparison 
usually is made with the aid of a broad-filament tungsten 
lamp, which may draw 15-20 amp. at 6 v. If a curve of 
filament current vs. temperature is constructed for the com- 
parison lamp, it maj?' be used as a pyrometer scale. This is 
an especially convenient procedure for comparing standards 
in different laboratories. 

Pyrometers which have milliammeters as their indicating 
instruments require a calibration curve or table for con- 
verting milliampere readings into temperatures. A three- 
term interpolation equation can be used over a wide range of 
temperatures, 

i — a ht -f- ct^ (6) 

Precision and accuracy of partial radiation pyrometers 

The precision of most portable partial radiation pyrom- 
eters is limited by the niilliammeter. In a self-contained 
pyrometer the balance of the delicate milliammeter mech- 
anism is likely to be affected by different orientations of the 
instrument. Its scale is necessarily too short to define the 
value of the current with precision. Measurements are not 
made with the filament current below a certain minimum 
value, about 0.2 amp., corresponding to 800°C. With an 
ordinary milliammeter only about half the scale is then useful. 
A milliammeter can be calibrated with a depressed zero, 
but this has the disadvantage of a constant tension on the 
spiral spring resulting in gradual displacement of the zero. 
It is preferable, when possible, to use the milliammeter as a 
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noil iiistrument in a Wheatstone bridge or potentiometer 
circuit. An empirical expression given by Riband for deter- 
mining the temperature variation A?’ corresponding to a 
current variation Ai is 


dd 

i 



( 7 ) 


Hence to have an uncertainty of only 1° at 2000°K. the 
current must be known within an uncertainty of Hooo- A 
precision of 1 part in 3000 has been attained in optical 
pyrometers. This requires a current constant to 0.01%. 

The most common cause of inaccuracy in temperatures 
determined with an optical pyrometer is the uncertain value 
of the emissivity ex of the surface of the test body. An 
optical pyrometer is calibrated to read blackbody tempera- 
tures. If it is sighted upon a surface whose emissivity is 
not unity it indicates a temperature lower than the true 
temperature. If the emissivity of the surface is known an 
appropriate correction can be made to the pyrometer reading. 
If the true temperature is obtained independently (by a 
thermocouple) the emissivity of the surface can be calculated 
for use in making subsequent measurements with an optical 
pyrometer. 

By Wien’s law, 

/x = 

For a non-blackbody at the same absolute temperature but at 
blackbody (apparent) temperature Ta 





from which 
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A pyrometer lamp suffers a slow change in calibration 
during use owing to gradual evaporation of its filament. A 
lamp which has been aged for 24 hr. at about 220{)°C. before 
standardization will maintain its calibration wdtliin 1° for 
hundreds of hours of subsequent use at temperatures which 
do not exceed 1400°C. It is desirable to have at least one 
spare lamp with each pyrometer which can be used exclusively 
for checking and if necessary recalibrating the service lamp. 

Summary 

A total radiation pyrometer measures the temperature 
of a test body in terms of its radiation, according to the 
Stefan-Boltzmann law: W = cr A T‘K The sensitive element 
is a thermocouple and the measuring instrument is a gal- 
vanometer or potentiometer. Calibration for blackbody 
conditions is made by using radiation from a cavity of known 
temperature. The range of the pyrometer may be increased 
by decreasing its aperture from Ai to A^ when, for a given 
galvanometer deflection, A 1 /A 2 = In practical use 

error arises from the fact that the emissivity of the test 
body usually is not unity. If its value is known the pyrometer 
indication Ta can be corrected: T = (Ta^/etYK Otherwise 
the use of a clCsed-end tube as a target aids in approximating 
the blackbody conditions for which the pyrometer was 
calibrated. 

Optical (partial radiation) pyrometers utilize Wien’s 

C2 

law Jx = AciX~'^e to measure the temperature of a test 
body by comparing monochromatic radiation from it with 
that of a calibrated filament. The measuring instrument 
is usually a galvanometer or potentiometer. Its range may 
be extended by use of a filter of absorption coefficient /j: 

1 1 _ —k\x 

T~'Tl^ ■ -Cs-V 

When used under non-blackbody conditions optical pyrom- 
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eter indications must be corrected by an amount depending 
on the emissivity; 



color pyrometer is designed to measure the temperature of 
objects whose emissivities are unknown but which approxi- 
mate a gray body, i.e., ey — ey. 

Optical and radiation pyrometer readings are independent 
of distance subject to the conditions already discussed. 
Both are affected by absorbing media to an extent indicated 
by combining the equation for absorption with the Wien or 
Stef an-Boltzmann law respectively. There is no upper 
limit to the temperatures which can be measured by such 
pyrometers. The lower limit, in practice, is about 110°C., 
depending on the particular design of instrument. 
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Problems 

1. A radiation pyrometer indicator gives full-scale deflection for 1400°F. 

What fraction of the pjTometer aperture should be diaphragmed 
to make the same deflection correspond to 2100°P. ? 

2. A radiation pyrometer sighted on clean, melting copper reads 1970°F. 

Find the per cent error in its calibration. 

3. A radiation pyrometer sighted on the surface of molten metal indicates 

the temperature 1100°C. while a standard thermocouple gives the 
temperature a.s 1210°C. What is the emissivity of the surface? 

4. A dusty radiation pyrometer mirror has a coefficient of reflection of 

95 per cent of the value for which the instrument was calibrated. 
If the pyrometer indicates 1600°C,, what is the true temperature? 



Radiation Pyrometry 143 

o. Calculate the length of porcelain tube of inside diameter o cn’i. and 
emissivity 0.3 which must be immersed in molten metal to serve as a 
99 per cent “black” source for pyrometer measurements. 

6. The tube of Prob. 5 is mounted in a furnace wall 10 cm. thick. What 

is the maximum distance at which a radiation pyrometer may ])e 
sighted on it, if the instrument requires a ratio of source diameter to 
source distance of 1:8.? 

7. A radiation pyrometer is sighted through a “gray” window of absoiq)- 

tion coefficient jj. and thickness x on the surface of a molten metal 
which has a total emissivity e. Derive the relation between tlie 
true temperature of the metal Tt and the temperature indicated on 
the pyrometer Ta. 

8. An optical pyrometer receiving radiation from the inside of a hollow 

metal wedge indicates the temperature 1400‘’C. When sighted on 
the outer surface it indicates the temperature 1270°C. What is 
the emissivity of the metal .? 

9. What thickness of glass of absorption coefficient 0.1 nim.“^ is needed 

to change the maximum reading of a Morse optical pyrometer from 
1500°C. to 20()0°C. ? Where should the filter be placed ? 

10. Show, with the aid of a diagram, that ideally the readings of an optical 

pyrometer are independent of distance. What practical restrictions 
are there on this statement ? 

11. A certain optical pyrometer has an objective lens of focal length 

10 inches. What provision should be made for change of focus if 
the sighting distance varies from 1 to 25 feet.? 

12. An optical pyrometer sighted on a furnace thi'ough a glass window indi- 

cates a temperature of 1200°C. If an additional window^ similar to 
the first is placed in the light path the temperature indicated is 
1100°C. Find the true temperature. 

13. What is the effective absorption coefficient of the glass -windows in 

Prob. 12 if each had a thickness of 1.5 mm.? 

14. An optical pyimmeter is sighted through a window of absorption 

coefficient jj. and thickness t on the surface of a molten metal which 
has emissivity jB\. Derive the relation between the true tempera- 
ture of the metal Ti and the temperature indicated by the optical 
pyrometer Ta. 

15. If the blackbody temperature of molten iron is 2400°P., what is its 

color temperature? 

16. The uncertainty in obtaining the visual match in an optical pyrometer 

is approximately. 0.002. Find the corre.sponding uncertainty in 
temperature measurements at 1000°, 2000°, and 40()0°C. 
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Resistance Thermometry 

Introduction 

The electrical resistance of pure metallic conductors varies 
with the temperature. This change in resistance is rather 
large, being 39% for platinum between 0° and 100°C. Resist- 
ance measurements can be made with high precision. These 
facts suggest that it should be possible to measure tempera- 
ture and temperature differences accurately in terms of the 
resistance of a wire of pure metal provided the relation 
between resistance and temperature can be found. 

Resistance thermometers were suggested by Siemens' in 
1871 and were quickly adopted for industrial measurements. 
However the Siemens resistance thermometer, in which, the 
wire was wound on a clay cylinder and tmclosed in a wrought 
iron tube, was not satisfactory for use at high temperature 
owing to contamination of the platinum which destroyed the 
reproducibility of the measurements. The precision and 
reliability of modern resistance thermometers began with the 
work of Callendar- who devised methods of protecting the 
platinum coil from chemical alteration and showed that its 
measurements were then reproducible when compared with a 
gas thermometer. 

Platinum resistance thermometers are used over the wide 
range from to 1100°C. with uncertainties of tlu' order 

of 0.04° to 0.3°C. at low and high temperatures in this range. 
Phosphor bronze resistance thermometers are used to indi- 
cate temperatures as low as 1°K. 

* K. W. Siemens, Proc. Roy. Soc. {London), 19, 443 (1871). 

2 H. L. Callendar, Phil. Trans. {Land.), 17^, 160 (1887) ; Phil. Mag,, 32, 104 (1891). 
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Platinum is an especially suitable material for resistance 
thermometry because of its stability and the simplicity of its 
resistance— temperature relation. Copper resistance ther- 
mometers are suitable for the measurement of moderate 
temperatures, usually below 100°C. Copper has the advan- 
tage of a resistance-temperature relation which is nearly 
linear, but has the disadvantage of low resistivity. Nickel is 
an inexpensive substitute for platinum for resistance measure- 
ments below 300® C. 



Resistance-temperature relation 

If the resistance of a platinum thermometer varied 
directly as the temperature it could be represented by line A 
in Fig. 05. Actually the relation is not linear and it is found 
necessary to use a second degree equation to express the 
resistance lit at a given temperature t in terms of the resist- 
ance Mo at 0®C., 

R, = Mo(l -h At + (1) 

This equation is represented by curve B in Fig. 05. Callendar 
devised a method for using this relation in practical measure- 
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inents and introduced a nomenclature which has come into 
common use. To avoid solving the quadratic equation 
directly it is convenient to assume a relation of the form 

Rt = i?o(l T (2) 

where Ao is the mean temperature coefficient of resistance 
between 0° and 100°C. The temperature determined from 
Eq. 2 is nearly equal to the true temperature t, and is called 
fcbe platinum temperature. It is defined by 


pt 


Rt - Ro 

Rioo — Ro 


100 


(3) 


in which Rt, Ro and Rioo denote the resistance at f, 0° and 
100°C., respectively. The difference between the true tem- 
perature t and the platinum temperature pt is given by the 
formula 




It will be observed that this is equivalent to the formula 


Rt - Ro 


Ru 


-Ro 


100 + 8 


(~- 

Vioo 


04 


(4) 


which is the original form of Callendar^s equation. 5 is a 
constant characteristic of the individual thermometer to be 
determined by calibration of the thermometer at some fixed 
point, preferably the boiling point of sulfur. 

In describing a thermometer, the quantity Riqq — Rq is 
called the fundamental interval. The mean value of the 
temperature coefficient of resistance between 0° and 100°C., 
G == (Eioo — iio) /100Eo, is called the fundamental coefficient. 

Equation 4 may be regarded as the fundamental, empirical 
equation for platinum resistance thermometry. A relation 
between it and Eq. 1 may be shown as follows, 
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Rt - Ro 


R, 


100 


= t 


-R 
At + Bt^ 


100^ + (100)25 

- ifjj 

A + 1005 \\100 


100, from Eq. 1 


■Y - 

>/ 100 ) 


Thus Callendar’s constant 5 in Eq. 4 is equal to —(100)25 / 
(A — 1005) and d = 10~^5. The value of 5 for platinum 
wires is between 1.49 and 1.50. The higher the purity the 
greater is T. 

The difference coefficient d must be separately determined 
for each thermometer. In order that the solution of a 
quadratic equation for each temperature may be avoided it 
is convenient in practice to compile a table showing values of 
the correction X which must be added to the platinum tem- 
perature to give the correct temperature. Such a table® con- 
structed for a given value of d can be used to calculate the 
correction X' for another thermometer having a difference 
coefficient d' by, 



For convenience in making calculations with a computing 
machine, Eq. 1 may be put in the form 

= (U + iJO ((i) 


The three constants in the Callendar calibration efiuation 
for a platinum resistance thermometer are determined from 
resistance measurements at three temperatures, usually 0°, 
100° and 444. 6°C. The calibration may be extrapolated to 
at least 1000°C. and gives results in excellent agreement 
with the thermodynamic temperature scale. However the 


» G. S. Callendar and F, E. Iloare, Correction Tables for Use vnfh Platinum Resist- 
ance Thermometers, London: E. Arnold <& Co., 1933. 
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Callehdar equation is not general in its applicability to 
metallic resistance thermometers. It is not valid for the 
other common resistance thermometer materials, copper and 
nickel, or for alloys or even for metals of the platinum group 
such as palladium. 

Resistance thermometer construction 

In preparing a platinum resistance thermometer, platinum 
wire is. doubled on itself (to avoid inductive effects) and then 
wound on a frame of thin, serrated mica. The ideal mounting 
is one that leaves the wire as free as possible from mechanical 
constraints, so that the dimensional changes resulting from 



a h 


Fig. 66a, b, and c. — Types of resistance thermometer windings in cross section. 

thermal expansion shall impose a minimum of mechanical 
stress on the platinum. Other requirements are that the 
mounting shall be such that the thermometer will not have 
excessive time lag, and that the heating effect of the measuring 
current shall not be excessive. The platinum must not be in 
contact with materials which may contaminate it. 

A great deal of ingenuity has been expended in modifying 
Callendar’s basic mica-cross design so as to reduce the tend- 
ency to strain the wire. The modifications have consisted 
essentially in winding the wire so that the individual turns are 
circular in form rather than square, and pass through holes or 
slots in the mica rather than being wound into notches. With 
this construction (Fig. 66a) the wire is permitted a small 
amount of motion relative to the mica, but the possible motion 
is limited so that the coil retains its shape. 
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The mica cross is held in a quartered mandrel (shown 
shaded). A small glass capillary tube is laid in each of 
the four grooves of the mandrel and the platinum 
wire wound around the form. The capillaries are 
then removed and the wire pressed against the face 
of the mandrel, which forces the wire away from the 
mica grooves and minimizes possible strain. The 
mandrell is finally removed, leaving a coil similar 
in appearance to that of Fig. 67 (for which the 
platinum wire was first coiled in a tiny spiral before 
being wound on the mica form). 

The calorimetric type of thermometer is wound 
on a flat mica support designed to attain thermal 
equilibrium with its surroundings rapidly. The 
two mica strips shown in Fig. 666 serve the same 
purpose as the glass capillaries and are removed 
after the winding is completed. 

Another strain-free type of support consists of 
a mica strip and two smaller mica spacers. Wind- 
ing is done on a circular mandrel (Fig. 66c), the 
mica being threaded through holes in the mica. 

When completed the mandrel is removed and the 
spacers moved through 90°. 

After being wound on its supporting frame, 
the platinum wire is annealed to relieve strains and 
insure the reproducibility of later resistance read- 
ings , The annealing is sometimes done by ‘ ‘ flash- 
ing” the filament at about 600°C., or the wire 
may be repeatedly heated to about 480°C. and minal type re- 
cooled in liquid air"^’". The annealing tempera- sistance ther- 
ture should be above the maximum to which the 
thermometer will be subjected in measuring jsioHhrivp Co.) 
temperatures. 

Protecting casings for resistance thermometers are made 
of pyrex glass, fused quartz, nickel or porcelain, with or 

■1 B. Brenner, Incl. Eng. Chem., %7 , 438 (1935). 
s J. J. Manley, EMI. Mag., 23, 695 Supp. (1937). 
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without an additional outer jacket of iron or cliromel. The 
thermometer case may be filled with dry air under a pressure 
of K to H atm. at room temperature. The oxidizing atmos- 
phere is an advantage. 

For the connecting wires inside the protection tube, gold 
has been found very satisfactory. It is cheap, easily worked, 



inert, of suitable resistivity, and has a low thermoelectric 
power against copper. The lead wires from the protecting 
enclosure to the measuring instrument may be single copper 
wires of appropriate size, say. No. 26 gage. 

Figure 68 illustrates two laboratory-type resistance ther- 
mometers, one in a Pyrex protecting tube, the other in a 



Fig. (>9. — ^ludustrial resistance thermometer. {Leeds cfc Northrup Co.) 


sheath of copper-nickel alloy. The external appearance of 
an industrial-type resistance thermometer is indicated by 
Fig. 69. 

The characteristics of thirteen types of resistance ther- 
mometers were investigated by Manley.*^ Table I is a partial 
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summary of his findings. In columns 7 and 8 are given' the 
times required for the thermometer to cool 1 je of the differ- 
ence from 28 to 20°C. in air within a black chamber and in 
water, respectively. These values are a measure of the 
thermometer’s temperature lag. In the last column sen- 
sitivities are listed relative to an arbitrary standard. 


TABLE I 

Resistance Theemometer Characteristics'’ 


Thermometer 

Bulb, containing length 
diameter tube 

Diameter 

ilo 

Time to cool 
1/t! of differ- 
ence 23° to 
20”C. 

Sensitiv- 
ity rel- 
ative to 







In 

In 

water 

standard 

•t spirals 

Fused 

silica 

34 mm. 

7..-; mm. 

0.0,5 inm. 

.54.11 

62 sec. 

3 . 0 .sec. 

20.8 

Wire embedded in fused silica. 

Fn.s(?d 

•silica 

28 

3.2 

.04 

2.5.00: 

88 

1.2 

9.6 

Spiral on mica pliifc 

Glass 

Flat bulb 

26 X 7 X 2 mm. 

.05 

22.88 

30 

2.9 

8.8 

Twin spiraLs 

Fused 

silica 

SS 

6.5 

.05 

19.49 

55 

3.2 

7.5 

Single spiral 

Pu.sed 

silica 

27 

5.2 

.06 

8.59 

51 

2.5 

3.7 

vSingle loop 

Glass 

21 

2.2 

.025 

6.19 

34 

1.0 

2.4 

Single loop 

Glass 

38 

2.0 

.04 

5.1 i 

82 

1.5 

2 


Calibration of a resistance thermometer 

The calibration of a resistance thermometer for use above 
0°C. requires the determination of the three constants in 
Eq. 1. This is accomplished by measuring Rt at the ice, 
steam and sulphur points, respectively. An ice bath and a 
hypsometer of the type described under the calibration of 
thermocouples will do for the first two temperatures. Meas- 
urements at the sulphur points are considerably more 
troublesome. 
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A form of sulphur-boiling apparatus® suited for general 
laboratory use is illustrated in Fig. 70. The sulphur is held 
in a pyrex tube wrapped with asbestos paper and surrounded 
by an iron cylinder and rock wool insulation. The sulphur 
is boiled by an electric heater made of 
nichrome wire wrapped around the iron 
cylinder. The thermometer is inserted into 
the boiling tube surrounded by a light 
metallic shield to prevent loss of heat by 
radiation. 

A more elaborate form of sulphur- 
boiling apparatus^ used in attaining the 
highest precision of measurement at the 
sulphur point is shown in Fig. 71. The side 
arm near the top of the tube leads to a 
reservoir of inert gas and a manometer, 
to control and measure the pressure at 
which boiling occurs. A second heating 
coil surrounds the upper part of the tube. 
The current through the lower heater is 
adjusted so that the sulphur condenses just 
above the top of the heat jacket. The 
radiation shield is in the form of two con- 
centric cylinders of aluminum, blackened 
inside, and provided with a horizontal disk 
at the bottom to protect the thermometer 

^ ^ Fio. 70.— Sulphur f^om splashing. Apparatus of similar de- 
boiling point appa- . . , . , i 

IS used to reproduce the boiling points 
of water and mercury with high accuracy 
for calibration purposes. 

Resistance measurements; lead wire compensation 

Measurement of the resistance of a resistance thermometer 
generally is made with some form of Wheatstone network or 
® C, D. Niven, Can. J. Research, 14, 1 (1936). 

' J. A. Beattie, M. Benedict and B. E, BlaisdeH, Proc. Am. Acad. Arts Sciences, 
71, 327 (1937). 
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with a potentiometer. The sensitive element of the ther- 
mometer is often remote from the measuring device and the 
connecting wires are subject to varying temperatures along 
their length. If there were simply two lead wires connecting 
the platinum coil to the resistance-measuring instrument 



Fig. 71. — Sulphur boiling point apparatus. 


the calibration of the thermometer would be indefinite, 
depending upon the length of lead wire and the depth of 
immersion of the thermometer. There are three types of 
resistance thermometer connections commonly used to permit 
elimination of the effects of the unknown and variable lead 
wire resistance. These are illustrated in Fig. 7!^ with the 
notation suggested by Mueller, Type (a) is used only with 
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a, shunted bridge measuring method. Type (6) is used with 
either a shunted bridge or a slide-wire bridge. Connections 
C tc T C t c T Get T 



a b c 

Fig. 72. — Resistance thermometer connections. 


of type (c) can be used with a shunted bridge, Kelvin bridge. 



differential galvanometer or poten- 
tiometer measuring method. 

Siemens three-lead compensation 

The Siemens three-lead com- 
pensation method is illustrated in 
Fig. 73. The lead wires in the 
thermometer casing are made as 
nearly as possible the same resist- 
ance and the external copper con- 
necting wires must also have etjual 
resistance. From the principle of 
the balanced Wheatstone network 

f3 " Od lit ~ Te 


Fig. 73. — Siemen’.s three-lead 


compensation. 


If resistance Cd is constructed 


equal to Te and ri is made equal to r 2 then /’s = Rt. 
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Hence the measured resistance is independent of lead-wire 
resistance. 

Callendar four-lead compensation 

Callendar’s four-lead method is similar to Siemens’ 
method. The platinum coil is connected by a pair of wires 
to one arm of the Wheatstone 
network. A second similar 
pair of wires in the form of 
a simple loop is placed beside 
the first pair and connected in 
the adjacent arm of the net- 
work for compensation. A 
commutator permits inter- 
change of the lead wire pairs. 

Potential terminal compensa- 
tion 

In the potential terminal 
method of resistance measure- 
ment two leads are attached 
to each end of the thermom- 
eter element, Fig. 74. With 
the commutator in the N 
position the battery is first 
connected to c. When the 
network is balanced, tz Cd — Rt + Te. By rotating the 
commutator the battery is then connected to terminal t and 
the terminals T and C are interchanged. Then for balance 

rz' + Te = Rt Cd 

On combining these two equations we obtain 



Rt 


rz + y/ 


Thus the measured resistance of the thermometer coil is 
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independent of the resistances of the lead, wires. Any error 
which might result in either of the previous methods owing 
to unequal lead wire resistance is eliminated in the potential 
terminal method. 

Potentiometer method 

The resistance of a four-lead thermometer can be deter- 
mined with a potentiometer (Fig. 75). The current, adjusted 
to a suitable value by resistor ri, flows through the ther- 

I 1* -AA/ ySAr-r/ 


■|l wvw-n 



Fig. 75 . — Potentiometer method. 


monieter coil and through a standard resistor The 

potential drops e' and e across and Rt respectively are 
measured by the potentiometer. The resistance Rt is 

determined from the relation Rt R If the resistor R^ 

is a variable one it may be adjusted to make e = e' and its 
dial calibrated to give Rg = Rt directly. Measurements with 
a potentiometer are independent of lead wire resistance. 

Since dR/dt is about 0.004 in the neighborliood of 0°C. 
in order to measure temperature to within 0.0I°C. the 
resistance must be determined with a relative error less than 
0.00001. For a thermometer having Ro — 10 ohms and using 
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a current of 0.00004 amp. this relative error corresponds' to an 
error of 0.4 microvolt in the potentiometer measurement. 
Parasitic thermal e.m.f.’s produced in the measuring circuit 
make it difficult to attain such accurac}^ This suggests the 
advantage of using thermometers of relatively large resistance 
and measuring currents sufficiently large so that the e.m.f.’s 
to be measured are of the order of 0.05 volts. A potenti- 
ometer of proper design used with precautions permits tem- 
perature measurements to within 0.01°C. 

High precision Wheatstone networks 

Resistance thermometers are designed usually to have a 
resistance between 2.5 and 25 ohms at 0°C. Measurements 
of temperatures to 0.01°C. with a 25-ohm thermometer require 
that resistance measurements be accurate to 0.001 ohm. A 
conventional Wheatstone network represented in the preced- 
ing figures has the variable resistance of its contacts placed 
directly in the bridge arms. Any variation in the resistances 
of the slide or plug contacts affects the balance of the net- 
work and may be of the same order of magnitude as the change 
in the thermometer resistance which it is desired to measure. 
Another handicap of such a bridge is that the resistance of the 
network and hence of the galvanometer circuit varies with the 
Value of the resistance being measured. This upsets the 
galvanometer damping. 

A consideration of the diagram in Pig. 76, in which >1 
and r 2 are the ecpial ratio arms shows that resistance may 
be transferred to or from the other arms in three ways: (i) 
by moving D along BDG> (ii) by moving B along DBG, and 
(iii) by moving G along DGG. The first method is essentially 
that used in the Callendar-Griffiths bridges. In it the 
network balance is independent of possible variations in the 
resistances of the movable contact. In methods (ii) and 
(iii) the effect of variable contact resistance may be reduced 
to any desired extent by increasing fi and r% with which the 
contacts are in series. 
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111 practice the adjustable resistance of a network designed 
for temperature measurement is in the form of dial decade 
units. There is a variety of types of adjustable resistance 
elements used in precision resistance networks.® In the 
commonest type, the effect of contact resistance is minimized 
by shunting the variable resistance with a relatively low- 
valued resistor. Such an arrangement is shown in the circuit 
of Fig. 114, Chap. X. A moderate precision bridge is illustrated 



Fig. 7G. — Simple Wheatstone bridge. 


in Fig. 77 connected to a three-lead type resistance ther- 
mometer for laboratory measurements. Figure 78 shows 
an indicator for permanent installation. This has a self- 
contained rotary selector switch for successive measurements 
on several thermometers. 

Practical applications of resistance thermometers 

In the measurement of extreme temperatures the impor- 
tance of resistance thermometers for industrial measurements 
is limited by their fragility and the numerous precautions 
necessary for accuracy. In the range of moderate tem- 
peratures, however, resistance thermometers have many 

s E. P. Mueller and F. Wenner, J, Research Nat, Bur, Standards, 15, 477 (1935). 
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applications, particularly where high inherent accuracy or 
ability to handle extremely short ranges is important. A 
resistance thermometer is particularly useful when small 
temperature changes must be measured or when the average 
temperature of a small region is desired. A resistance 
thermometer is free from reference junction annoyances 
characteristic of thermocouples. 

In one form of resistance thermometer platinum wire 
is fused in glass for support and protection.® Measurements 
up to 550°C. are made with an accuracy of +0.15%, which is 
superior to that obtained with a thermocouple. 

In comparison with resistance thermometers, thermo- 
couples are, in general, simpler — easier to make, easier to 
inspect, easier to maintain. Usually cheaper to buy, they 
are generally preferred wherever they meet the requirements 
of a given application for range, sensitivity, accuracy, etc. 
In addition the use of couples is sometimes dictated by space 
requirements. 

For practical applications the Wheatstone network used 
with a resistance thermometer need not be used as a null 
instrument, which requires manual adjustments for each 
reading, but it can be used as a deflection (unbalanced) 
bridge for which the galvanometer deflection is calibrated to 
indicate directly the temperature of the sensitive coil. Resist- 
ance thermometers are an important form of remote-indicating 
instrument used for aircraft temperature measurements. 
The somewhat variable voltage of the usual IS v. battery 
necessitates the use of a voltage regulator. A deflection-type 
bridge is used. A selector switch permits reading any one 
of a number of thermometer coils on a single indicator. 
Figure 79 shows how such an installation may be modified 
for operation on alternating current with the addition of a 
transformer and a copper-oxide type rectifier C to the voltage 
regulator V and bridge circuit W. 


^ W. Goedecke, Electrowdrme, 4, 278 (1934). 
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A bolometer^o is a resistance thermometer made of thin foil 
which has small thermal capacity and very great sensitivity. 
With it, changes in temperature as small as 0.000001°C. 
can be detected, permitting relative measurement of the dis- 
tribution of energy in the spectrum of a laboratory light 
source or of a distant star. Bolometers are used in direction 
finding by infra-red rays.^^ 



Pig. 79. — Operation of resi-stance thermometer from a.c. supply. {Lewis Engineering 
Co.) 

Electric power plants depend on temperature measuring 
equipment for protection against overheating and for deter- 
mining maximum safe loading. To prevent overheating of 
generators, frequency changers, synchronous condensers and 
large motors an automatic recorder and alarm is desirable. 
Detectors may be either thermocouples or resistance thermom- 
eters. Some power plant temperature equipment recpiires 
special design. For example, since thermocouple and resist- 
ance thermometers are not suitable for installation in a 
rotating field, the resistance of the field winding itself is 

1" S. P. Langley, 7ft. J. Science, 21, 187 (1881). 

O. R. Lummer and P. Kurlbaum, Ann. Phydk, 46, 204 (1892). 

Gresky, Z. Instrumenienk, 52, m (ms). 
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measured. This varies with the temperature and serves 
as an index of that temperature. Because the resistance 
of the winding is too low for accurate measurement with a 
Wheatstone bridge, the Kelvin bridge is employed. 

Figure 80 represents schematically the elements of a 
Kelvin bridge circuit. The lead d connects the field winding 
X and a low-resistance standard shunt 11 in series in the 
d-c. field supply circuit. Brush contacts on the collector 
rings, representing potential points at the terminals of the 
field winding, are connected to potential posts on the shunt, 
through the fixed resistances B, A and b, a, with a slidewire 
resistance between B and A and 
another between b and a. The 
terminals of the galvanometer are 
connected to the contacts e and / 
on these slidewires, A condition of 
electrical balance is established by 
adjusting these contacts until 
galvanometer deflection is reduced 
to zero. Resistances are then in 
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Pig. 80 . — Kelvin bridge circuit 
(.simplified). {Leeds & Northriip 
Co.) 


the relation: X jR = B {A — b fa. 
Summary 


Temperature can be measured in terms of the electrical 
resistance of a metallic conductor, usually platinum, nickel 
or copper. Platinum resistance thermometers are used 
over the range —259° to 1100°G., and provide the most 
accurate method of measurement in the range of medium 
temperature. The reproducibility of the scale of a resistance 
thermometer depends on the puiity and homogeneity of the 
resistance element and its protection from strain and con- 
tamination. Boiling point apparatus used in the calibra- 
tion of a resistance thermometer must provide for adequate 
depth of immersion and radiation shielding. An accurate 
manometer is an essential part of the calibrating apparatus. 
Electrical measurements are best -made with a Wheatstone 
bridge or potentiometer so constructed as to minimize the 
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effect of contact resistance and e.mi. and to eliminate the 
effect of the resistance of the thermometer lead wires. 

Problems 

1 . A piatinum resistance thermometer has the following resistances: 11.00 

olnns at 0°C. ; 15.247 ohms at 100“C. ; 28.887 ohms at 444.0O°C. Mini 
the numerical value of 8 in the Callendar correction formula, 

2. At what temperature would the resistance of this thermometer (Prob. 1) 

become zero assuming the same equation held at low temperature ? 
What is found experimentally? 

3. What are the merits and disadvantages of deflection-type (i.e., unbal- 

anced) Wheatstone bridges used in temperature measurements ? 

4. In a Wheatstone bridge, n = r? = 1000 ohms. At 0°C. rs = Vi = 10 

ohms. What should be the smallest graduation of resistance rg and 
the current sensitivity of the galvanometer (coil resistance = 1000 
ohms) in order to detect a change in temperature of 0.1°C. ? 

5. What difference of potential will be produced at the galvanometer in 

Prob. 4 if the temperature of the resistance bulb is raised to 100°C.? 
C). Consider two platinum thermometers at the same platinum tempera- 
ture. Let 

X i - pi = d(f - 100)t, 

X' ^t' - pt == d'{t - 100)t', 

and 

t' = t X, and d' = d y. 

Show that for a? <3C ~ 100 



d{i-d'{^t-m))\ 

If correction tables are available for a particular thermometer show 
liow they may be applied to any other tliermometer using this 
equation. (Reference 3.) 

7. Diagram a circuit in which the heating coil of a small platinum- wound 

furnace is used as a platinum resistance thermometer to measure its 
temperature. 

8. It i.s desired to make a nickel resistance thermometer which will have a 

resistance of 10 ohms at 0°C. What length of wire of diameter 
0.0031 inch (B. & S. No. 40) and of re.sistivity 50 olims per circular 
iniU-foot at 68°F. should be used for the thennometer coil? What 
will be its resistance at the normal boiling point of water Ot 
naphthalene? 

9. Draw a diagram of a resistance thermometer connected to a Callendar 

and Griffiths bridge and explain how measurements are made. (Con- 
sxilt general references of Chap. I.) 
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Recording Pyrometry 

Introduction 

Permanent temperature records are of primary importance 
in every industrial process and laboratory research whose 
results are dependent upon the maintenance of certain 
optimum temperatures. The pyrometers that can be made 
to record automatically are of the following classes: (i) 
expansion thermometers, using a gas, liquid, or solid in the 
sensitive element; (ii) resistance thermometers; (iii) thermo- 
electric pyrometers; (iv) total radiation pyrometers and (v) 
partial radiation pyrometers balanced photoelectrically. 

Of these types, the thermoelectric pyrometer has the 
greatest applicability, especially for the higher temperatures 
at which the first two are not suitable. The constant-volume 
gas thermometer for industrial use is satisfactory up to 
about 400*^0., and the mercury thermometer to about 550°C. 
The resistance thermometer is capable of very high accuracy 
up to 1100°C. At such high temperatures, however, thermo- 
couples are more serviceable, since deterioration of the wire 
from repeated heating does not so seriously alter the e.m.f, 
developed by a couple as it does the resistance of a resistance 
thermometer. Base-metal thermocouples serve satisfactorily 
up to 1100°C. and Pt~PtRh couples up to 15()0°C., though 
above 1400°C. it becomes very difficult to protect the couple 
from contamination. Radiation pyrometers are useful at 
the highest attainable temperatures. However, processes 
in which temperatures greater than 1600°C. are used are not, 
in general, susceptible of very precise temperature control. 

164 
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Temperature records are usually kept on disk, driini or 
strip charts whose temperature-time scales are proportioned 
to fit the range and accuracy of a particular service. The 
precision of modern industrial recorders has been improved 
until a considerable part of the residual error is associated 
with the effect of humidity changes on the paper charts.^ 



Fig. 81. — Compensated mercury recording thermometer. (C. J. Tagliahue Mfg. 

Co.) 

Pressure thermometers 

Liquid- vapor- and gas-filled thermometer bulbs are used 
to actuate recording pens through some form of Bourdon 
tube. When the bulb is remote from the recorder, as is 
desirable in many installations, it is necessary to compensate 
for the effect of temperature changes on the pressure-trans- 
mitting tube. In the recording mercury thermometer illus- 
trated in Fig, 81, the mercury-filled capillary is paralleled by 
a casing containing nitrogen. The gas-filled space acts as a 

IT. R. Ilarrison, JoMmaZ, 30, 100 (1932). 
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long bulb which inflates and deflates a sylphon (capsular 
spring) inside the recorder case as the temperature fluctuates 
along the tubing. The sylphon operates through a lever 
movement to shift the center of the Bourdon spring in the 
proper sense to compensate for the effect of the varying 
temperature in the connecting tubing. 

In another method of compensation, a fine wire is placed 
in the capillary bore of the pressure-transmitting tube. By 
the proper choice of expansion coefficients and dimensions, the 
expansion of the wire can be made to cancel the effect of 
the expansion of the capillary tube keeping constant the 
volume occupied by the liquid. 

Eecording galvanometer 

A galvanometer may be so modified as to become a 
recording instrument for use with resistance thermometers 
or thermocouples. A galvanometer suspension is used which 
permits the galvanometer needle to be depressed by a bar 
which periodically brings it in contact with a graph sheet. 
The graph paper is moved at constant speed and the tem- 
perature-time curve obtained is a series of closely-spaced 
dots made by an ink pen, by a stylus on waxed paper or by 
an electric spark which perforates the paper. An obvious 
disadvantage of a recording galvanometer is that the weight 
of the recording mechanism is detrimental to the sensitivity 
and balance of the galvanometer. 

Recording potentiometer 

The advantages of the null-indicating principle of a 
potentiometer are so great in a wide variety of measurements 
that numerous ingeneous methods have been devised to 
make a potentiometer self-balancing, recording and even 
automatic in checking itself against a standard cell. 

In all recording potentiometers the galvanometer merely 
indicates the position of balance. It is required to do no 
work, which would reduce its sensitivity, iln electric motor 
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takes the place of an operator in moving the resistance 
contacts to secure a balance, A commercial recording 
potentiometer is an interesting example of a delicate, expen- 
sive laboratory instrument which has become a reliable 
industrial instrument of moderate cost through quantity 
production. 

The balance-type recording mechanism which can apply 
the potentiometer method for use with thermocouples can 



Fig. 82. — Potentiometer balancing mechanism. (Leeds (fe Northru]) Co.) 


be used equally well to apply the Wheatstone or Kelvin bridge 
methods for resistance thermometer measurements. 

The operation of a self-balancing potentiometer may be 
well-illustrated by a consideration of one of the older forms 
of balancing mechanisms. Fig. 82 . The slide wire is a long 
helix mounted on the periphery of the central disk. In 
balancing, the wire is moved past a stationary contact. 
Balance is achieved by the following cycle of operations. 
Suppose the galvanometer G is deflected toward the left. 
Shaft S is rotated continually, by a motor not shown. With 
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each revolution the small cam 6it raises bar 5 which catches 
the pointer under one of the right-angle levers, L. This 
lever, pivoted at P, is thus made to swing the arm 2 by press- 
ing against one of the eccentrically-located lugs 2c. The 
rocker arm 5 is then immediately lowered to allow the gal- 
vanometer to swing freely. Cam 6R is so fixed on shaft S 
that it recedes from spring R allowing R to press 2 against 
the disk i) just before cams C straighten arm 2. Hence, 
in so doing, they rotate the disk and the slide wire is brought 
nearer the position for balance. If balance has not been 
attained, the galvanometer remains deflected, and the same 
cycle of operations is carried out with the next revolution 
of the shaft. When balance is attained, the upward move- 
ment of 5 simply raises the pointer into the V-shaped space 
between levers L, and no rotation of the disk follows. The 
position of the slide wire controls the position of a pen carriage 
on a horizontal rod over the graph sheet. At intervals the 
pen drops to make a mark on the sheet. The scale of the 
potentiometer may be graduated in millivolts, or directly in 
temperature for a given type of thermocouple. 

An improved form of balancing mechanism is pictxired in 
Fig. 83. In the original mechanism accuracy was largely 
limited by mechanical clearances, and these had to be adjusted 
occasionally owing to wear. In the newer design accuracy 
and responsiveness are practically unaffected by wear. 
Deflections of the galvanometer needle as small as 0.001 inch 
actuates the balancing mechanism. The balancing operations 
are explained by the illustrations and captions of Fig. 83. 
The galvanometer has a free period in which to deflect. 
Then, about once every two seconds, a cushioned clamp 
grips the ])ointer and setting levers close on it cjuicldy. If 
the levers find the pointer undeflected the balancing mech- 
anism and slide wire do not move. If the temperature has 
changed, the setting levers find the pointer deflected. A 
clutch arm is positioned to match the extent of pointer 
deflection, and is clamped there against the slide wire disk. 
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Cams restore the arm promptly to the normal position, 
thus simultaneously turning the disk and the slide wire. 

The external appearance of a typical recorder is illustrated 
by Fig. 84. Figure 85 shows the chart holder swung out, expos- 
ing the slidewire disk. In Fig. 86 the unit comprising galvano m- 





Fig. 83.- — Mioromax balancing mechanism. {Leeds (t Northrwp (Jo.) 


eter, motor, standardize!* and balancing mechanism has been 
opened. The terminal board, dry cell and motor fuse are 
exposed on the back wall of the housing. 

Such recorders are made in single-point, two-point and 
multiple-point types. A single-point curve-drawing instru- 
ment indicates continuously and traces an uninterrupted 
record. It concentrates on one couple, is never disconnected 
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when an important change takes place— especially desirable 
in a recorder which operates signals. A two-point curve 



ifiii,' 


Pig. 84.— Micromax potentiometer indicating recorder. {Leeds & Nortlmip Co.) 


Pig. 85. — ^Micromax recorder, chart swung out. {Leeds & Northrup Co.) 


drawing instrument switches automatically from one to the 
other of two couples at short regular intervals. Its pointer 
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indicates the two temperatures alternately, and its pen 
records them side by side for easy comparison. It can be 



Fig. 86. — Micromax recorder, meclianism swung out. {Leeds & Northruf Co.) 


% Ji 



Fig. 87.^ — ^Kecording potentiometer circuit. {2'he Bristol Co.) 


equipped to operate signals. A multiple-point, curve-printing 
instrument measured successively the temperatures of as 
many as sixteen couples. It is especially useful where 
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processes are of long duration, where temperatures tend to 
change gradually, or where temperatures differ but are 
always in the same approximate relationship. Its pointer 
indicates the several temperatures alternately and its printing 
device records them either in one color or in contrasting 



colors. In addition, it can be equipped to operate (1) a 
remote indicator, and (2) pilot lights to show at any instant 
which couple is connected. 

A circuit diagram for a recording potentiometer used with 
a thermocouple is shown in Fig. 87, The balancing mechanism 
(Fig. 88) adjusts the position of contact R on the two slide 
wires, Si and S^. When the potential difference between 
Q and R has been made zero the galvanometer reads zero, 
and no further motion of R takes place. A recording pen 
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and an indicating arrow mounted on the same carriage as II 
show the thermocouple e.mi. (temperature). Since the 
e.in.f. of the working battery E changes slightly from time to 
time provisions are made whereby the potential difference 
between X and V can be held constant by adjusting the 
resistor II . This is done by depressing switch T, thus 
temporarily replacing the thermocouple circuit by the circuit 



Fig. 89. — Brown potentiorneter balancing mechanism. (The Brown Insfmmeni Co.) 

between Z and T of like polarity, containing a standard 
cell Eg of constant e.m.f. By adjusting E until the gal- 
vanometer deflection is zero the e.m.f. between X and V is 
restored to its intended value. This operation of standardiz- 
ing the current through the potentiometer slide wire is done 
manually on some instruments, automatically on others. 

x\nother type of potentiometer balancing mechanism is 
shown in Fig. 89. At intervals of a few seconds, the gal- 
vanometer pointer B is lightly clamped. A step on the 
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Fig. 90. — Foxboro balancing mechanism (model). {The Foxboro Co.) 
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selector table C rests against the pointer and positions a 
secondary pointer D. The step lever E periodically moves 
downward into contact with the secondary pointer and 
rotates the gear G, secured to the shaft H, an amount depend- 
ing upon the position of the secondary pointer. This read- 
justs the slide wire contact J, simultaneously moving the 
pen P. 

Still another balancing mechanism is shown in Fig, 
90. The two V-shaped sensing fingers detect galvanom- 
eter deflections and move a friction roller accordingly. 
A-shaped drive cam continually moves slowly up and down. 
In descending it engages a roller and rolls it back to the 
center of the A-shaped cam. As the roller turns, it moves 
the contact arm along the horizontal, straight slide wire, 
and a pen along the chart. This method is designed to 
permit fast movement of the recording device without fast 
driving of the mechanism, thereby minimizing wear. 

High speed recording 

To measure the temperature of metals being rolled, so 
quickly that even the gradients along their lengths are 
recorded, a quick-acting radiation pyrometer is used with a 
rapid recorder. Rapid balancing combined with rapidity 
of chart movement (of the order of ^ inches per minute) 
result in clear graphs which permit analysis of even rapid 
temperature fluctuations. 

One such recorder, the Speedomax, has a measuring cir- 
cuit practically identical with that of the recorder shown in 
Fig. 84. Instead of balancing by mechanical means, however, 
the Speedomax has a motor which balances the instrument 
rapidly whenever a temperature change unbalances the 
circuit. To assure fast recording, this motor provides higher 
speeds as temperature changes become largei-; big changes 
record nearly as fast as small ones. To prevent overshooting, 
an electrical tachometer, built into the motor, reverses motor 
torque as required for a quick, precise balance. 
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i’lG. 91. — Photoelectric recorder, (general Eledrio Co.) 

connected to a thermocouple, a radiation pyrometer or a 
resistance thermometer bridge circuit. The link between 
the basic instrument and the recording pen consists of a 
combined optical system and photoelectric circuit. The 
basic instrument rotates a mirror, shown in Fig. 9^. If this 
mirror and the one attached to the recording element are 
parallel, light from a small lamp is reflected equally to each 
of two photoelectric tubes. No change in the position of the 
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Photoelectric recorders 


To obtain sensitivity and rapidity of response equal to 
that of the highest-sensitivity indicating instruments, photo- 
electric recording is advantageous. Figure 91 shows a photo- 
electric unit which may be used in conjunction with other 
instruments to make them recording. For temperature 
measurements the basic instrument may be a galvanometer 


Basic Instru- 
mcint or 
Galvan ornatar 
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lecording element bcciirs. If, however, tlie two niirrors 
are not parallel, the unbalanced light received by the photo 
tubes results in a corrective action being applied to the 
recording pen.^ Hunting, or oscillation of the mechanism 
about the position of balance, is presented by a damping 
resistance and capacity shown in the circuit of Fig. 93, 



Fig. 92. — Optical system of recorder. (General Elec, trie Vo.) 

Special applications 

The bulk of temperature recorders is used in metallurgi- 
cal, chemical and ceramic processes and in power plants. 
Some of the less-common specialized uses may be suggested. 
One is a w^et- and dry-bulb thermograph for humidity deter- 
minations. There are recording clinical thermometers which 
use a thermocouple or resistance thermometer as the sensi- 
tive element. The Callendar sunshine recorder uses a bolom- 
eter and a recording Wheatstone bridge. 

In checking air conditioning installations a eiipathograph 
records a quantity analogous to the physiological sensation 



178 Temperature Measurement 

induced in a human being by a given temperature-humidity 
environment. The instrument is essentially a hollow black- 
ened copper cylinder, maintained at 75°F., which loses heat 
to its surroundings at a rate which depends on the conditions. 


Laa/wwvwwww^ 



Fig. 93. — Wiring diagram of recorder. (General Electric Co.) 


The heat loss is recorded on a scale calibrated in degrees of 
equivalent temperature. 

One form of ship’s hold thermometer uses a mercury-in- 
glass thermometei* and photographic recording to provide per- 
manent records for periods up to sixty days duration. 

A bottle thermograph can travel on the conveyor used in 
pasteurizing liquids. It provides a record of the actual 
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liquid temperature, which may be influenced considerably by 
the thermal lag of the container. 

Summary 

Permanent temperature records are obtained by providing 
pyrometers of the types already studied (expansion, resistance, 
thermoelectric and radiation instruments) with mechanical 
or electrical recording devices. Of the latter the recording 
potentiometer is especially important both as a laboratory and 
as an industrial instrument for measuring temperature in 
terms of an e.m.f . Reliable records are obtained only when 
the sensitive element is used under conditions for which it 
was calibrated. 
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Automatic Temperature Control 

Introduction 

“Have you ever tried to eliminate the fluctuations of 
temperature in your home? If so, you must have gone 
through the mental processes required to analyze automatic 
control problems. You deal with time lags: (a) the time 
required to build up a draft and a fire, (6) the time required to 
build up the temperature of the equipment so that heat can 
be transferred to the air, (e) the time requin'd for the heat to 
be carried throughout the house and (d) lJu‘ lim<‘ required 
for your thermometer to show this new t(uup(''ra,ture value. 
You, may not have recognized the various faefl.ors to the 
point where you could separate each one and defc'rinine its 
effect and. the way to compensate for it, but you have dealt 
with, the problems which good controllers analyze and solve. 
. . . The best control system is one that is so well regulated 
by metered control mid so quick to smooth out slight devia- 
tions, that it appears to be doing nothmg.”V 

Temperature regulation in its crudest form is Jiccomplisbed 
liy the use of indicating instruments and nuunuil control. 
>Siibstitiition of recording instrumentK for indicating instru- 
ments permits closer manual control by focussing the o])era, tor’s 
attention on the importance of time and tlu^ !'a,ti^ of chaaigci 
of temperature (both S7'/dt a,nd 8^'f/dfr) in correcting for 
departures of tlie temperature from the desired value. Com- 
pletely automatic control of temperature ri^presents one 
phase of the application of automatic control to industrial 
processes, which has as its objective the improvement of the 

' J. J. Grebe, Ind. Eng. Chem., 29, 1225 (1937), 
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product and reduction in cost. It often brings, too, a more 
fundamental knowledge of the process being controlled. 

Temperature control is a relatively young branch of 
automatic-control technology. As so often happens in a 
rapidly-developing art, the practical achievements of auto- 
matic temperature control have proceeded and far outstripped 
the literature available on the subject. In its present status, 
the principle objectives toward which efforts at analysis 
are being directed are:^ 

(а) Development of a generally-accepted nomenclature. 

(б) Classification of the processes to be controlled and 

the methods of control. 

(c) Determination of time constants which, when inserted 
in the theoretical equations, will yield at least 
approximate solutions in the application of the 
theory of temperature control to practical problems, 
and which will define a “figure of merit” to describe 
the effectiveness of a given method of control in a ! 
given process. 

A uniform terminology and an exact method for the appli- 
cation of temperature control would facilitate the interchange 
of pertinent, quantitative data between process equipment 
manufacturer, instrument manufacturer, control consultant 
and user. 

Classification of processes 

l^he development of a mathematical description of typical 
processes and the methods of controlling their temperatures 
has, in most cases, proceeded from analogy with existing 
theory. German writers have sought to adapt the theory of 
speed governors in turbines and steam engines to the problems 


^ The reader is referred to re-ports of the A.S.M.E. Committee on Industrial Instru- 
ments and Regulators, and to the numercrus papers on temperature control appearing 
in recent volumes of the A.S.M.E. Transactions. 
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of temperature regulation.® Many American authors draw 
on hydraulic analogies for the classification and description 
of temperature control problems. 

The process whose temperature is to be controlled may 
be considered to be a series or parallel system of one or more 
thermal capacities separated from each other by resistances. 
The flow of energy from one capacity to another is accom- 
panied by a decrease in energy level. In general, processes 
can be divided into 

A. Single-capacity systems. 

B. Multiple-capacity systems. 

1. capacities and resistances in series. 

2. capacities and resistances in parallel. 

8. series-parallel combinations. 

In analyzing regulation problems, it is customary to 
assume a linear differential equation (of second or higher 
order), the type which describes vibrating systems 


~W 


Gidcf) 

dt 


+ Co = 0 


^ is the fractional deviation of the temperature from its 
standard value: (T — Ta) IT a. Tor a given problem this 
equation must be reduced to a specific form and its coefficients 
evaluated. The effectiveness of the control can then be 
specified in terms of the time constants. 

The characteristics of a process which favor precise control 
are : 

1. Minimum delay in response of temperature at the point 
of measurement to a change in supply or demand of hea/L 


M. Lang, Z. ifee/i. P/iiy.n/c., 14, 98 C193S)- , 

See also the English translations of important foreign papers in the “ Technical 
Memoranda on Automatic Control” ‘published by the A.S.M.E. ('lommitfee on Industrial 
Instruments and Regulators (19S8). ' 

4 A. P. Spitzglass, A.S.M.E. Trans., 60, 665 (1938); 62, 51 (1940). 

® C. E. Mason, rl.S.Jf.jE. Tran#., 60, 327 (1938). 

C. E, Mason and G. A. Plulbrick,M.iS.lf.JS. Trans., 62, 1 (1940). 
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Minimum transfer lag i.e., delay in response due to 
poor heat transfer (large resistance) in the heat exchanger. 

3. Minimum temperature difference between the heater 
and the thermostat. 

4. Minimum supply-side thermal capacity, relative to 
total thermal capacity. 

5. Maximum demand-side thermal capacity, relative to 
total thermal capacity. 

Classification of control equipment 

In automatic temperature control apparatus a tempera- 
ture-sensitive element serves to increase or decrease the 



Fig. 94a.^ — ^Relay character- Pig. 94b . — Amplifier character- 
istics. istics. 

supply of heat to the body whose temperature is to be held 
constant, whenever its temperature passes a selected value. 
The sensitive element controls the heat supply either through 
a relay (discontinuous) or amplifier (continuous) device. 

In a thermostat which uses a relay, the fundamental 
obstacle to attainment of perfect constancy of temperature 
is the discontinuous relation between the input and output 
of the relay, i.e., its /Tack lash.''* In a thermostat which 
uses an amplifier, the relation between input and output is 
continuous. In this case it is the finite sensitivity of the 
amplifier which prevents attainment of perfect constancy of 
temperature. Only by making JijB — 0 in Fig. 94 a or A B I CD 
= 0 in Fig. 946 could a thermostat be made completely effec- 
tive in resisting changes of the ambient temperature. 
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Automatic temperature control equipment may be grouped 
into four main classes:® 

1 . On-off, or two-position. 

3. Floating. 

3. Proportional. 

Narrow-band. 

Wide-band. 

4. Proportional reset. 

In fixed-position control the valve motion is rapid and 
the temperature range between adjacent control points is very 
small, practically zero in electric contact types. Fixed- 
position control has a discontinuous character. 

In floating control (seldom used alone for temperature con- 
trol) the valve motion is relatively slow, so that normally the 
on-and-off response of the instrument does not produce valve 
motions to the limits. Floating control may be adjusted to 
avoid the violent changes in the thermal-demand characteris- 
tic of on-and-off control. However, floating control cannot 
handle rapid or wide fluctuations in load as well as on-and-off 
control. 

Proportional or throttling control refers to equipment 
in which the valve position is proportional to, or corresponds 
with, the temperature within a certain control band. The 
valve is closed at one side of the control band, or throttling 
range, and open at the other. For each intermediate valve 
position there is a corresponding temperature in the control 
band. As the load varies, corresponding valve openings and 
positions are required, and the controlled temperature wanders 
accordingly within the limits of the control band. This 
drift of the control point is often a serious limitation to the 
use of proportional control. However, proportional control 
normally operates by making minute and gradual adjust- 
ments. This characteristic is frequently desired, and in some 


E. D. Haigler, A.S.M.E. Trans., 60, 633 (1938). 
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cases may be required to avoid interaction of several controls 
on one system. 

As the control band is widened the increments of control- 
valve travel for a given change in temperature are reduced, 
making the controlling corrections correspondingly less sudden 
and disturbing. But since the actual control point may be 
anywhere within the control band (depending on the load 
at the moment), wide-band control brings the possibility 
of great and perhaps excessive wandering of temperature with 
varying load conditions. 

Proportional reset control provides for resetting automati- 
cally the relationship between temperature and valve position 
to compensate for the deviation of control point with load 
change. It is the only proportional control capable of high 
accuracy under varying loads. 

Practical fundamentals 

In the performance of a control pyrometer it is time that 
counts — the time that elapses between the first small tem- 
perature change and the correcting motion of valve or other 
controlling device. Figure 95 shows the characteristic tem- 
perature-time curves which can be obtained by successive 
refinements in control methods. 

Assuming the operator’s consistent, undivided attention, 
manual control is capable of excellent results. Usually, 
however, fatigue on the part of the operator, and his attention 
to other duties, result in irregular temperature fluctuations. 

Two-position (on-off) control overcomes any irregular 
fluctuations due to the human equation, and provides regular 
fluctuations within a uniform control band. 

In proportional control, as previously stated, there is for 
each temperature within the control band a corresponding 
valve position. However, a sustained change in operating 
conditions will cause input and demand to balance above or 
below the control point. This effect is called a droop-charac- 
teristic. At any instant droop is the difference between the 
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actual temperature at wliich the process is being held and the 
temperature for which the control is set. 

In proportional-reset control, a droop-corrector is added 
to the control equipment. Then when a sustained change in 
operating conditions occurs, the droop-corrector resets the 
throttling range (i.e. the portion of the instrument range which 



Control Droop-correction Automatic Droop- 

correction 


Fig. 95. — ^Characteristic.s of variou-s control methods. {Leeds & Northrup Co.) 

corresponds to full travel of the final control valve from maxi- 
mum to minimum) to establish a new input which will hold 
temperature at the original control point. The valve is 
moved not only (1) as a function of temperature change, but 
(2) also as a function of both how long and how far tempera- 
ture is off the control point. By regulating input in propor- 
tion to demand this type of control does more than hold 
temperature within close limits-— it holds to a selected control 
point with a steadiness which, on many processes, is essential 
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The Basis of Proportional Control ... In which there is a fixed relationship 
between the positions of control and valve slidewires, so that for any temperature 
there is a fixed valve position. In every proportional control there should be, 
however, a way to vary this fixed relationship — either manually or automatically 
as shown below. 



The Manual Way — with manual droop-corrector . . . An operator watches 
the recorder chart, and, when necessary, turns rheostats “m” and “n” to establish 
a new relationship between control and valve slidewires. 



The Automatic Way — with automatic droop-corrector ... In place of the 
operator, there is a motor to turn the rheostat and an auxiliary control circuit which 
directs the motor. Auxiliary circuit action persists until temperature is at the 
control point. 

Fig. — Proportional electric control applies the balance principle both to measure- 

ment and to control. {Leeds & Norihrup Co.) 
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to full efficiencj^ to fuel savings, and to increased process 
yield. 

Tile way in which droop correction is applied is indicated 
ill the explanatory notes accompanying Fig. 96. 

The importance of the balance principle in temperature 
measurement has already been emphasized in the discussion 



Pig. 97. — Element.? of an automatic temperature control .sy.stem uising pneumatic 


control. (Leeds & Nortkrup Co.) 

(I) Temperature changes cau.se unbalance in measuring circuit. 

(D Galvanometer deflects, engages balancing mechanism. 

@ Mechanism turns both measuring slidewire and control cam as a unit- 
restoring balance in measuring circuit. 

@ Cam, acting through levers, moves stem of primary pilot valve, causing it to 
produce a new pressure. 

(D The new pressure acts at “A” on pneumatic balance arm — moving stem of 
secondary pilot valve; causing it to produce a new pre.ssure over diaphragm of final 
control valve. 

(fi) New pressure of secondary pilot valve acts also at “B,” restoring instan- 
taneous equilibrium in the pneumatic balance. Immediately, however, pressures at 
“ B ” and “ C ” tend to equalize through needle valve. The new force thus produced 
at “ C” causes further movement of arm and valve stem in .same direction as before. 

(7) This action continues until i)neuraatic balance comes to equilibrium at a new 
position of its arm — w’hen final control valve has assumed a new position such that 
input exactly balances demand and temperature is again at the control point. 

of pot.eiitioineters. In automatic temperature control, the 
principle of balance is often used both in measuring circuit and 
in the control system (Figs. 96 and 97). The control .system 
may be either pneumatic or electric. Electric control offers 
conveniences in many applications, while in refining and 
chemical industries, where there is an explosion hazard, the 
preference is often for the pneumatic type. 
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Thermostats^ 

The temperature-sensitive ele- 
ment used in a thermostat is often a 
bimetallic strip (Fig. 98) or a liquid- 
filled bulb (Fig. 99) arranged to open 
or close a heater circuit when the 
temperature passes a selected value. 
The bimetallic regulator is set by 
adjusting the tension on the coil. A 
liquid-in-gJass regulator is set by 
adjusting the level of the contact- 
making wire (Fig. 99) or the level 
of the liquid (Fig. 100). High sen- 
sitivity and small lag are obtained by 
using a large surface /volume ratio. 
The tube may be made of a number 
of small “fingers” connected at the 
top, or the surface increased by inden- 
tations as in Fig. 101. A rapidly-con- 
ducting metal foil, such as copper, is 
sometimes placed in the toluene bulb. 

An a.c. bridge and amplifier for 
continuous control of furnaces and 
thermostats is illustrated in Fig. 108. 
The power output of the control cir- 
cuit is doubled for a change of only 
0.08% in the resistance of the regu- 
lating thermometer. The circuit 
regulates a heater of 500 w. power 
and maintains the temperature of an 
oil bath or furnace constant to within 

^ A. Lalancle, Les thermostats pour les tempSra- 
tures moyenncs, Paris: Hermann et Cie., 1935. 
54 pp. 

E,. Griffiths, Thermostats and Temperature- 
regulating Instruments, hondon; C. GrifiBn Co-, 
1934. 157 pp. 



Fig. 98. — Bimetallic ther- 
inoregulator. {Central Scien- 
tific Co,) 
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0.0S°C. An elaboration of this type of thermoregulator 
employing a phase-shifting thyratron is illustrated in Fig. 103. 
The power output of the thyratron doubles for a decrease of 
about 0.003% in the resistance of the thermometer (cor- 



Fig. 99. — Types of liquid-filled thermoregulators and circuit. (J. S. Buck, J, Chem. 
jSducaiion, 13, 131 (1936).) 

responding to a temperature change of 0.01°C.) and permits 
control of a water bath thermostat to +0.003°C. [This 
design has recently been improved by replacing /fa by a second 
thermometer element, which doubles the sensitivity. Also 
the plate supply for the FG57 has been isolated by a 1:1 
transformer, omitting the connection marked X, and replacing 
Eg by an autotransformer.] 



Fig. 100. — Adjustable tliermoregulator. Fig. 101. — Adjustable 

(II. B. Huddle, J. Chom. Education, 11, 569 sensitive thermoregulator. 
(1934).) (J. Y. Yee and R. 0. 


Davis, Ind. Eng. Chom., 
Anal. Ed., 8, 47T (1930).) 
BRIDGE AMPLIFIER 



I. 102. — Resistance thermometer and a.c. bridge control circuit. (M. Benedict, 
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Control of furnaces and other heating devices 

Bimetallic disks or rods provide an inexpensive means 
of controlling the temperature of electric irons, type-set- 



Fig. 103. — Circuit, diagram of a thyratron thermoregulator. (J. M. Sturtevant, 
Rev. Sd. Instruments, 9, 276 (1938).) 

ting melting pots or furnaces not requiring a wide range of 
adjustment. 



WIRING DIAGRAM 

Fig. 104. — Temperature control for an electric furnace. {The Carhorundwn Co., 
Globar Division.) 

Thermocouples used with a recording-controlling poten- 
tiometer provide flexible control over a wide range of tem- 
peratures. Fig. 104 shows a control circuit for the laboratory 
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furnace illustrated in Fig. 147, Chap. XIV. The upper heating 
elements can be controlled independently of the lower ones. 
The current supplied to the upper heaters is regulated 
by a synchronous motor which determines the fraction 
of the time during which the circuit is closed. This is 
essentially the Gouy principle. The lower elements are 
put on or off the circuit by a relay actuated by a pyrometer 
controller in accordance with the temperature indicated by 
the thermocouple. 

A resistance thermometer and bridge circuit is well 
adapted for controlling the temperature of an electric furnace. 
When the bridge becomes unbalanced, by a change in furnace 
temperature, its potential difference is made to alter the 
heating current, through the use of reflecting galvanometer 
and optical relay, ^ or an electron tube amplifier,® or a thyra- 
tron circuit, 

Turner has made an interesting analysis of self -oscilla- 
tion in the control of an isothermal chamber and a com- 
parison^^ of the theory with results obtained experimentally 
in an “academic oven.” His conclusions, roughly stated, are: 

1. Hunting, necessarily present if the heat supply is 
controlled in discrete quantities, will occur also when a 
continuous relation exists between temperature and heat 
supply, provided the control sensitivity exceeds a certain 
critical value. That is, stability of control is not necessarily 
improved merely by increasing the sensitivity of the tempera- 
ture-sensitive device, 

£. Hunting does not depend on the thermal capacity of 
the chamber. 

8 II. Moser, 2;. tec/t. 13, 383 (1932). 

® W. L. Walsh and N. A. Milas, Ind, Eng. Chem,, Anal. Ed.,7 ^ 122 (1935). 

K. Henney, Electron Tubes in Industry, New York: McGraw-Hill, 1934. 
Chap. IV. 

“ B. M. Zabel and R. R. Hancox, jBct. Set, Instruments, 5, 28 (1934). 

^'■*L. B. Turner, Proc. Camh. Phil. Soc., 32, 663 (1936). 

18 L. B. Turner, .7. Inst. Elect. Eng. {Lond.), 81, 399 (1937). 

11 The natural limit to the sensitvoiiy of all measuring processes has been analyzed 
by R. B. Barnes and A. Silverman, 22e». Modem Phys., 6, 162 (1934). 
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3. The residual inconstancy of temperature does not 
depend on the thoroughness of insulation. 

4. There exists a single figure of merit which measures the 
effectiveness of the equipment in resisting change due to 
ambient temperature and fluctuation of supply voltage. 

5. The former factor is less important than the latter. 

6. The effect of the difference in temperature between the 
chamber and the temperature-sensitive element must not 
be ignored. 

7. The use of a single resistor for both the temperature- 
sensitive element and the heater, advocated by some workers, 
is wrong in principle. 

One form of laboratory induction furnace is given a 
characteristic of self-regulation in the following manner. 
A hollow body of ferromagnetic material is traversed by a 
magnetic flux induced by a solenoid cariying alternating 
current. This is surrounded by a non-magnetic conducting 
envelope. Currents induced in the latter by the ferromag- 
netic material raise its temperature until the ma,terial reaches 
its Curie point (see Exp. 24), after which the temperature 
remains constant. The furnace can be made self -stabilizing 
for any temperature inAhj^ange 15°C. to 11()()°C.^''^ 

Other methods of liw'fxj^ temperature-sensitive magnetic 
alloys for temperature control have been described by Jackson 
and Russell.^® 

Control of room temperature^ ^ 

Control of room temperature is one of the requirements of 
air conditioning in paper, textile and food industries and in 
dwellings. It is necessary to a higher degree of i)recision in 
rooms containing constant-frequency radio oscillators, animal 
calorimeters and spectroscopic apparatus. 


R. Perm and V. Sorrel, Compt. rend., 192, 1026 (1931). 
i“L, R. Jackson and H. W. Russell, Instruments, 11, (1.938). 
W. E. Hoare, Electrician (Land.), Ill, 715 (1933), 
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Control of ordinary room temperatures is effected by 
tiie use of a bimetal or enclosed-liquid sensitive element, 
a relay, heater and adequate forced circulation of air.^® 
Green and Loring have described a device which uses an 
ethyl ether vapor thermometer and relay to maintain the 
temperature (at a given location) in a laboratory constant to 
within 0.05°C. over long periods of time.^® 

The Gouy principle^® 

An expansion thermometer of the type illustrated in 
Figs. 99 to 101 provides only discontinuous temperature con- 
trol. The amount of lag depends on the sensitivity of the 
element, the degree to which the liquid sticks to the wire, etc. 

Gouy designed a thermoregulator in which the contact- 
making wire (iron) was given a vertical oscillating motion 
of constant frequency (the period being 20 sec. and the 
amplitude 1.5 mm.). The time during the cycle during 
which the contact was closed varied from 0 to 20 sec. as the 
temperature difference changed from 0 to 0.001 °C. This 
regulator, used with a relay and electric heater, permitted 
the temperature of a 100 1. water bath to be held constant 
within 4:0.0002°C. for several hours. 

The Gouy principle is interesting because it represents 
the first device to bridge the gap between simple on-and-off 
control and continuous control. It is important because it 
is used, in modified forms, in many present day temperature 
controllers. 
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CHAPTER X 


Calorimetry 


Introduction 

Calorimetry is concerned with the measurement of energy 
in the form of heat. The attainment of high accuracy in 
such experiments is difficult, primarily because there exists 
no perfect heat insulator. The effects which are used to 
measure heat quantities are: change in temperature, change 
of state, and the transformation of electrical or mechanical 
energy into heat or vice versa. 

wSince it is impossible to deprive a body of all its heat, 
it is impossible to measure absolute, total heat content. 
Calculations are made from an arbitrary zero. The increase 
of heat content is found to be so nearly proportional to tem- 
perature increments that it is convenient to define the thermal 
capacity of a substance as the heat (calories) necessary to 
raise the temperature of 1 gm. by 1°C. The unit of heat, 
the caloiie, is defined by making the thermal capacity of 
water unity. The specific heat of a substance is the ratio 
of its thermal capacity to the thermal capacity of water (a 
dimensionless ratio). However, specific heat is widely used 
as meaning the same as thermal capacity. 

Method of mixtures 

If m grams of a substance at temperature h are added to 
ikf gm. of water initially at temperature to an exchange of 
heat results in the attainment of an equilibrium temperature 
k. The specific heat of the substance can be calculated from 

_ Mjh — fp) 

^ ~ 7n{ti — U) 


( 1 ) 



198 


Temperature Measurement 

This type of experiment is usually not susceptible of high 
accuracy. Principal sources of error are the heat losses 
and the thermometer readings. 

Steady flow electrical calorimeter 

In the Callendar and Barnes apparatus, shown schemati- 
cally in Fig. 105, an electric current is maintained in a resist- 
ance wire R placed along the axis of a narrow glass tube 
through which a constant stream of water flows. Inlet and 
outlet temperatures of the water are measured with platinum 
resistance thermometers. The flow of liquid and the electric 
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Fig. lOS. — Constaut-flow conductivity apparatus. 


current I are adjusted to give a rise in temperature AT of 
only a few degrees. From measurements of the power 
supplied, El, and the mass of water M collected in a time i, 
the equation 

Elt - JMsAT + h (2) 

can be used to calculate the specific heat s of the liquid, 
or the mechanical equivalent of heat, J, The term h repre- 
sents the heat lost by radiation? etc. If the experiment is 
repeated with a different flow and a different current, but 
with the same AT, h will be the same in the two cases and 
can be eiiniinated from the corresponding equations. 

This type of apparatus has been used to show that the 
specific heat of water is not constant but varies with the 
temperature, passing through a minimum value at about 38°C. 
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Low-temperature vacuum calorimeter 

Measurements of specific heats at low temperatures are 
of particular theoretical interest. Figure 106 represents an 
adiabatic vacuum calorimeter of the type 
designed by Neriist and modified by Simon 
and Lang. The substance to be investi- 
gated is placed in a thin-walled copper 
vessel A. Inside of A are also a heating 
coil and a resistance thermometer. Sur- 
rounding is a thermostat B equipped 
with a separate heating coil. Junctions 
of a differential thermocouple are placed 
in contact with A and B. By adjusting the 
heating currents to make the thermocouple 
indicate zero it is possible to keep Tj. = Tb, 
and hence avoid heat loss. 

The power supplied to the heating coil 
of A is EL The temperature T is meas- 
ured as a function of the time t The value 
of dtjclT for any T can be evaluated from 
a graph of t vs. T. The heat capacity Cp 
for any temperature is given by 

> - W -ELiL 

- \lf)p ~ J dT 

High-temperature vacuum calorimeter 

Calorimetry in furnaces is undertaken to obtain informa- 
tion about metals at high temperatures. The experimental 
difficulties in achieving an accuracy of even 1 per cent are 
considerable, for (i) useful materials of construction become 
less available at high temperatures, (ii) it is harder to provide 
uniformity of temperature in the surroundings of the calorim- 
eter, and (iii) the rate of heat loss from the calorimeter 
increases rapidly with temperature. 

Figure 107 represents a high-temperature vacuum calorim- 
eter of the copper block type. The five essential parts are: 



Fig. 106 .— Low- 
temperature adia- 
batic vacuum calo- 
rimeter. 


(ii) 
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A, ilie copper block with a central hole into which the speci- 
men is dropped; B, a guard system surrounding the block 
in order to control the heat loss from it; C, the furnace in 
which the specimen is heated to its initial temperature. The 
whole apparatus operates inside the evacuated vessel T, 
and the external furnace E maintains the block and its 
immediate surroundings at the desired operating temperature. 



Fig. 107. — ^High-teinperature vacuum calorimeter and furnace. 

The specimen S is heated in the upper furnace C. It is 
then dropped into the copper block to which it gives up heat 
until the two are in thermal equilibinum. The product of 
the thermal capacity of the copper block and its rise in 
temperature on the introduction of the specimen, together 
with a correction for the heat lost by the block during the 
attainment of equilibrium, is equal to the difference between 
the heat content of the specimen at its initial and final 
temperatures. 
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Constant-flow gas calorimeter 

The heating value of a gaseous fuel can be measured by 
comparison with a standard source of heat in an apparatus 
of the type illustrated schematically in Fig. 108. When the 
thermometers 1 and % indicate the same temperature, the 
test gas is producing heat at the same rate as the standard 
source. The latter may be an electric heater or a burner 
consuming gas of known heating value. 

Such a thermal balance calorimeter obviates the necessity 
for measuring a temperature rise in the working substance. 



Fig. 108. — Diagrammatic representation of a thermal-balance calorimeter. 

Being a null method, its accuracy is independent of the 
calibration of the temperature-measuring device. It com- 
pensates for heat losses, change in barometric pressure, room 
temperature or specific heat of the working substance. The 
method is readily adaptable to recording and controlling the 
heating value of gases, and hence has considerable industrial 
importance. 

Water pyrometer 

The familiar calorimetric method of mixtures can be 
applied to the measurement of furnace temperatures, though 
its use has become less common with the development of 
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more convenient pyrometers. A water pyrometer comprises 
a test material, say a 100 g. block of nickel, a water calorimeter 
and a thermometer. The metal block is placed in the furnace 
whose temperature it is desired to measure. When the 
block has come to thermal equilibrium with its surroundings, 
it is quickly placed in the calorimeter, where it transfers 
heat to the water. From the known thermal capacity of the 
block and the measured weight of water and its temperature 
rise, the temperature of the furnace can be inferred. 

Potentiometer for calorimetric measurements 

In calorimetry, it is often necessary to measure, practically 
simultaneously, two temperatures which are appreciably 
different and both changing rather rapidly, but at about the 
same rate. If these temperatures are to be indicated by 
thermocouples it is desirable to use a potentiometer of high 
precision and so designed that a single observer can follow 
minute changes in both temperatures with one instrument. 
High precision in a potentiometer is obtained by certain 
modifications in the simple circuits already described (Chap. 
IV), designed primarily to provide the following desirable 
characteristics: negligible effect of pai’asitic e.m.f.’s, low 
potentiometer resistance, constant potentiometer resistance 
across the galvanometer, freedom from switch contact 
resistance errors, and provision for maintaining a steady and 
precisely adjustable battery current. The convenience of 
being able to read two widely different e.m.f.’s with a mini- 
mum of readjustment is achieved by the use of a ‘‘double 
potentiometer.” 

To minimize the error from parasitic thermoelectromotivt^ 
forces at moving contacts, and to make possible the use of 
compensating coils for keeping the galvanometer circuit 
resistance constant, it is desirable to use dial switches con- 
trolling a number of resistance coils, instead of using a slide- 
wire. With the slidewire changed to a number of resistance 
coils and with compensating coils added to keep the gal- 




Fig. 110. — Potentiometer: compensating coils in battery circuit. {Lecd.t ttr Narthrup 
Co.) 

resistance constant for all positions of the switches. This 
is a considerable improvement over Fig. 109 for the low volt- 
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age dials of a potentiometer, because any parasitic e.mi.’s 
produced at the sliding contacts are in series with the high 
battery voltage and, therefore, their effect is negligible. 

With either arrangement shown, a difficulty arises in 
that only a finite number of steps is possible instead of the 
infinite number that can be obtained with a slidewire. Of 
course, by reading the unbalanced portion of the unknown 
e.m.f. from the galvanometer deflection, the exact value 
can be estimated, but deflection measurements are not 
sufficiently accurate for obtaining such a large part of the 



total value. To obtain the small steps with the precision of 
adjustment that can be obtained with a slidewire, it is 
necessary to have more than two dial switches. In White 
potentiometers, the use of four dials is made possible by com- 
bining two potentiometers, one such as shown in Fig. 109 and 
the other such as shown in Fig. 110. The combined circuits 
are shown in Fig. Ill which also shows the connections in more 
detail and includes switches and current adjusting rheostats. 

With this arrangement of circuits, the resistance in 
the galvanometer circuit is practically constant, so that the 
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portion of the emf which cannot be balanced out with the 
four dials can be read from the galvanometer deflection. 
The accuracy required in the deflection portion of the reading 
is very much less when four dials are used than when only 
two are used, so that high precision of reading and high 
accuracy are obtained. 

It will be seen that the unknown voltage of the thermo- 
couple is opposed to the voltage of the left or ufper potentiom- 
eter plus the voltage of the right or lower potentiometer. 
The two lower voltage dials, which are the ones most fre- 
quently used when measuring temperature changes, are 
“neutral,” or free from parasitic e.m.f.’s, because the contacts 
of the two lower dials are not in the galvanometer circuit, 
but are in the circuit in series with the high voltage of the 
auxiliary battery. 

The circuits used in White potentiometers result in an 
instrument having a low resistance in the galvanometer 
circuit. This makes for high sensitivity in low voltage 
measurements, as the current which flows through the gal- 
vanometer for a particular voltage unbalance is inversely 
proportional to the total resistance in the galvanometer 
circuit. The low potentiometer resistance does not limit 
the use of the potentiometer to low-resistance circuits; if a 
high-resistance thermocouple is being measured a compara- 
tively high-resistance galvanometer may be used. 

The single potentiometer is intended primarily for the 
measurement of voltage of one thermocouple. If two thermo- 
couples are to be measured, the White double potentiometer 
is convenient. If a single potentiometer were used to 
measure the voltage of two thermocouples differing appreci- 
ably in temperature, the dial setting would have to be changed 
each time the connections were changed. This might reciuire 
more time than the operator could afford in making and 
recording the necessary observations. The double potentiom- 
eter is equipped with an extra set of dials, so that the two 
e.m.f.’s may be measured without resetting dials. In other 
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wolds, the dial settings may be made independently for 
the two thermocouples, connections being made to the same 
galvanometer alternately with a master switch. 

The circuits for a double potentiometer are shown in 
Fig. 112. It will be seen that connections to the resistances 
of each potentiometer dial may be made by two independently 
adjustable contacts. Contacts Pi, P2, P3 and P4 constitute 
one group and Qu Qa, Qs* and Q4 the other group. One group 



Fig. 112. — White double potentiometer. {Leeds Nnrthrup Co.) 


of contacts may be set to the approximate voltage of one 
thermocouple, while the other group is set to the approximate 
voltage of another thermocouple. By means of a master 
switch, the galvanometer may be connected with one group 
of dials or the other and in each case the voltage increment 
above the respective dial settings is apparent, immediately, 
from the galvanometer deflection. 

A convenient feature of the double potentiometer is the 
provision for differential measurements. A difference couple 
may be connected through a selector switch to the control 
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switch and to the galvanometer. A compensating resistance 
keeps the sensitivity of the galvanometer the same as it was 
when used as a deflection instrument in the regular measure- 
ments. The combination of couple and galvanometer con- 
stitute a direct deflection arrangement, which enables the 
operator to determine small temperature differences more 
quickly and accurately than were he to use independent 
couples and subtract. 

Finally, the White potentiometer is arranged for making 
external connections for self -checking. The checking is 
done by opposing the fall in potential in any coil of the upper 
potentiometer to that of a section in the lower potentiometer. 

Resistance bridge for calorimetry 

When the temperature measurements needed in calorim- 
etry are made with a resistance thermometer, a bridge 
designed for high precision is required. Designed primarily 
for calorimetry, the Mueller bridge is a modification of the 
conventional Wheatstone network which provides higher 
accuracy over a comparatively narrow range. By measuring 
temperature changes in calorimetry with an accuracy com- 
parable to, or higher than, that of the weight measurements, 
Mueller bridges increase the accuracy with which heats of 
combustion of coals, gases, oils and other fuels are determined. 
A Mueller bridge in combination with a suitable resistance 
thermometer is capable of greater accuracy between —190 
and 50{)°C. than any other means available. 

Slight changes in value occur in the resistors of a bridge 
when they are subject to temperature variations. Obviously 
for measurements of highest precision it would be desirable to 
apply temperature coiTCctions to the resistance calibrations, 
or, better, place them in a constant temperature chamber and 
thus eliminate the need for tedious corrections for ambient 
temperature. For routine testing, an unthermostated Muel- 
ler bridge is capable without ambient temperature corrections 
of measuring resistance change of from 0 to O.G ohm to a 
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limit of error of ±0.0001 ohm. Equipped with a constant 
temperature chamber for the most important measuring 
resistors, the type G-S Mueller bridge provides resistance 
measurements within a limit of error of a few huiidred- 



Fio. Hi). — Circuit of the type G-2 Mueller bridge. {Leeds & Northrup Co.) 

thousandths of an ohm, or a few parts per million, whichever 
is larger. 

The Mueller circuit (Fig. 113) is essentially that of a con- 
ventional Wheatstone bridge. Decades A, B, D, E, F and G 
comprise the measuring resistors; Q and are ratio arms; 
L, the thermometer coil, is the resistance to be measured. 

The construction of the measuring arm is distinctive 
in that the 1 and 0.1 ohm decades (^4 and 1?) are permanently 




Fig. 114 . — Mueller-type temperature bridge. {Leeds & Northrup Co.) 

‘‘1 Check 2” are provided for checking the equality of 
resistance of leads between resistors and studs in decades A 
and B. 

The resistances of the contacts of decades A and B arc 
of negligible consequence, being in series with comparatively 
high resistance ratio arms Q and Qi. Contact resistances 
in the three lowest decades of 0.01, 0.001 and 0.0001 ohm 
(D, E and F) have a negligible effect on results as these 
decades are so constructed that a permanently connected 
resistor of low value is shunted by a comparatively high 
resistance in series with the contact. A low-resistance 
mercury-cup copper-bar switch controls the ten-ohm decade 
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connected in series with the galvanometer. These decades, 
at the ends of the ratio arms, have the effect of transferring 
resistance between the lower arms of the bridge and the gal- 
vanometer circuit. When in the galvanometer circuit, 
resistance has no effect upon balance. Increasing the setting 
of decade A inserts resistance directly into the measuring 
arm. Increasing the setting of decade B takes resistance 
out of the thermometer arm which has the same effect as 
putting resistance into the measuring arm. Terminals 
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CL Leads to its resistors are equal in resistance, as are the 
leads from all resistors of decades A and B to their respective 
switch studs. Leads to the ratio resistors and leads to the 
ratio reversing points of decades A and B are also equal. 

With all dials on zero, there exists a residual resistance 
in the measuring arm due to the construction of decades D, 
E and F. Balanced against this residual is the resistance of 
decade B plus the resistance of the coil K. The sum of 
these two resistances is slightly greater than the residual 
of the measuring arm, so that when the thermometer arm is 
short-circuited by inserting a plug in the hole marked “zero,” 
a small portion of the measuring arm is necessary to balance 
the bridge. This “zero reading” must be subtracted from 
subsequent measurements to obtain the true resistance of 
the thermometer. 

The ratio arms Q and Qi are joined by a slidewire S and 
are interchangeable. By moving the battery contact along 
the slidewire, the ratio can be adjusted to an equality which 
is only limited by the sensitivity of the galvanometer and the 
adjustability of the slidewire. 

In addition to the plug position for obtaining the zero 
reading, another position is provided to make connections 
for quick and accurate adjustment of the ratio to equality. 

To measure the resistance between the branch points 
of a four terminal thermometer, that is, the resistance between 
the potential terminals of a thermometer provided with 
current and potential terminals, two readings are required. 
With the commutator in the normal position, the battery 
supply lead is the one marked c, and the bridge is balanced 
with the lead C in the measuring arm, and L -h T in the 
measured arm. With the commutator in the reversed 
position, the lead marked t becomes the battery supply 
lead, and the bridge is balanced with the lead T in the measur- 
ing arm, and L + L in the measured arm. The average of 
the two balances, except for the correction for bridge zero, 
represents the resistance of L. 
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Important internal leads to the commutator are equal 
in resistance. The terminal CADJ. is provided to be used 
in place of terminal C when the bridge leads to the thermom- 
eter element are not practically equal in resistance. A 
variable resistor in series with CADJ. is then adjusted to 
equalize the resistance so that the two bridge readings, 
with the commutator normal and reversed, are nearly equal. 

Current is provided by from one to five dry-cells in series, 
with resistors connected across them. Three keys R^, Ri 
and Rq tap off different potentials providing low, medium 
and high sensitivity respectively. Currents provided by 
keys Ri and Rq are variable. When measuring, the current 
in the thermometer can be adjusted to the same value as 
that at which it was calibrated. Thermometer current is 
indicated on a milliammeter. 

The switch and variable resistor in the galvanometer 
circuit provide adjustable series or parallel resistance for 
damping. 

Summary 

Determination of the heating value of fuels and the specific 
heats of solids, liquids and gases is based on calorimetry. 
Calorimetry is the measurement of heat quantities in terms 
of temperature changes, changes of state or the transformation 
of electrical or mechanical energy into, heat. Principal 
sources of error are the thermometer readings and heat losses. 
The latter arc minimized by corrections from blank experi- 
ments, or in the method of mixtures by insuring adiabatic 
conditions. Idle temperature measuring instruments cus- 
tomarily used in calorimetry are, in order of accuracy: 
resistance thermometers, thermocouples and merciiry-in- 
glass thermometers. 
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CHAPTER XI 


Thermal Analysis 

Statement of the phase rule 

The progress of physical science is marked by a multitude 
of isolated experiments and the rarer synthesis of their 
results into laws or theories which unify whole fields of the 
science. One of the monuments of nineteenth century 
scientific activity was the treatise by Josiah Willard Gibbs 
“On the Equilibrium or Heterogeneous Substances.” In 
it he formulated the phase rule which deals with systems in 
equilibrium. It is usually expressed by the formula, 

f = g-p + 2 (1) 

showing the relations existing between the degree of freedom 
F of the system, the number of components C and the number 
of phases P. 

To understand the phase rule and its application it is 
necessary and sufficient to have an accurate understanding 
of the meaning of the terms employed in its statement. A 
system is that part of the physical world being considered. 
It may be separated from its surroundings by definite bound- 
aries, or the boundaries may be imaginary. 

A system is said to be in equilibrium when the net rate 
of any possible chemical changes within it is zero and there 
is an absence of molecular transformations (changes of state 
or allotropic changes). A system in equilibrium cannot 
alter with time without gain or loss of energy. In ther- 
mod.ynamic terms, its free energy is a minimum or its entropy 
a maximum. The phase rule is often applied also to systems 
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whose free energy is not a minimum, but whose properties 
do not change appreciably during the time of observation. 

The phases of a system refer to its homogeneous parts 
separated from one another by definite physical boundaries. 
Water, ice and vapor, for example, are phases possible in 
the water system. It is apparent that phases are necessarily 
elements, gaseous mixtures, chemical compounds or solutions. 

The components of a system are the chemical substances 
required to make the phases in any quantity in which they 
may be present. The choice of the independent components 
of a system is somewhat arbitrary. The number of inde- 
pendent components of a system is the smallest number of 
independently variable constituents from which the phases 
can be made in any relative quantities. That is, the number 
of independent components equals the total number of 
components minus the number of equations existing between 
the components. The number of components of a system is 
understood to mean the number of independent components. 

By the degree of freedom, or variance, of a system is 
meant the number of variables which may be arbitrarily 
changed without disturbing the equilibrium of the system. 
The variables commonly considered in defining the state of a 
system are composition, temperature and pressure. 

As a simple example, apply the phase rule to the system 
of ice and water in equilibrium. It is a one component 
system. From Eq. 1, the degree of freedom is 1 — ^ 2 = I- 

If it is decided to hold the system at a given temperature 
the })ressure is determined, and vice versa. The phase rule 
applied to a system of ice, water and vapor gives a variance 
of zero. The presence of three phases in a system of one 
component fixes both the temperature and the pressure. 
Only at the triple point and under the vapor pressure of 
ice can all three phases exist in equilibrium. 

Consider further the equilibrium system represented by 

CaGOg GaO + CO 2 
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There are in ail three components, connected by one equation. 
Hence the number of independent components is two. These 
may be chosen as any of the following pairs: CaO and CO2; 
CaO and CaaOs; or CO2 and CaaOs. The degree of freedom 
is: 2 — 34-2 = 1 . Hence for a given temperature, the 
CO2 has a definite pressure, independent of the quantities of 
the substances. If the lime burning is carried out in air 
(assumed pure N2), then the total number of components 
is four and the degrees of freedom two. Then for a defi- 
nite temperature, the pressure of CO2 can have any value. 
Whether the partial pressure of CO2 is independent of the 
total pressure is a question for experiment, it is not deter- 
mined by the phase rule. 

Deduction of the phase rule 

The deduction of the phase rule consists in finding the 
total number of variables which may determine tlie properties 
of a system and subtracting from this the number of 
independent equations connecting those variables. Thus 
the number of variables whose values must be specified to 
determine completely the properties of the system is found. 
A distinction is made between extensive properties, such as 
volume and energy, which depend on mass, and intensive 
properties, such as temperature and pressure, which are 
independent of mass. 

Tlie following assumptions are made: 

(i) For two equilibrium systems to be identical there must ))e similarity 
in the quantities, by weight, of the components as well as total (iuorgy and 
total volume. 

(ii) Only those cases are considered in which this condition regarding 
the components is satisfied. Included are all cases which are in complete 
equilibrium and which are not acted on by outLsidc forces except tlio.se due 
to the pressure of .surrounding walls. 

(iii) The quantities by weight of the phases are indejicndent of one 
another. ■ 

(iv) There is no relation between qua,ntities of the phases and the 
intensive properties. 



Thermal Analysis 215 

I'he weights of quantities of the independent components (C in number) 
will be designated by f?,-. The phases (P in number) will be designated 
by The total energy and total volume of the system will be repre- 

sented by U and V respectively. The quantities Gu U and V which char- 
acterize the syvStem completely (i.e., all its properties) can be transformed 
in the following manner: 

= % f - 1, 2, 3, • • • C; i = 1, 2, 3, • • • P 

3 

3 

The and are intensive quantities, whose exact meaning is 

unimportant in the derivation above. Since the system is defined com- 
pletely by the 0 + 2 variables to the left in the equations above, of the 
quantities on tlie riglit only C' + ^ are independent. By assumption (iii) 
the always can be taken as independent variables. By virtue of (iv) 
there is dependence among the intensive quantities on the right such that 
merely 6' + 2 ~ P of tliem are independent. Prom (ii) and (iv) it then 
follows tlrat any arbitrary intensive property is defined by these C + 2 — P 
intensive Auiriables. . 

The phase rule is essentially a qualitative relation. It 
must be extended by experimental data to give quantitative 
information about a system to be of practical utility. Such 
information is conveniently represented graphically in what 
are called ecjuilibrium diagrams, phase diagrams or phase 
rule diagrams. 

Cooling curves 

Tem])era,ture-time curves, usually taken during cooling, 
provide an important method for studying phase changes 
in metals and alloys and for measuring specific and latent 
heats. Any change in state or constitution is accompanied 
by an energy change which is revealed by heat evolution 
during cooling or heat absorption during heating. When a 
body cools without such change occuring its cooling curve 
has the logarithmic form of Fig. 115. If the specimen is 
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molten metal, regular cooling is arrested by the heat evolved 
when the metal solidifies. If no undercooling occurs, the 
cooling curve has the form of B. However, the beginning of 
solidification is always accompanied by some undercooling. 
Nuclei do not become sufficiently stable to serve as starting 
points for crystalization until the melt is cooled to a tempera- 
ture lower than the highest temperature at which solidification 
can occur. Actual cooling curves for pure metals resemble 
curve C. 



• TiME 


Fig. Wti . — Cooling ciirvc-s. 

The exact form of curve obtained after freezing begins 
depends on the relation between the rate of removal of heat 
from the cooling metal and the rate of evolution of heat of 
crystalization. The time U — to required to abstract a 
given amount of heat depends on the rate of cooling. 

The rate of evolution of heat (rate of solidification) does 
not always keep pace with the rate of abstraction of heat. 
Solidification begins below as at point e in curve ('!. If 
there is no limit on the rate of solidification, other than that T 
cannot exceed Ti, then the heat evolved will raise T to Ih, 
and keep it there during the solidifying process (giving cde, 
curve G). If, however, there exists some limitation on the 
rate of solidification, conditions are different. It actually 
appears that for each temperature below the freezing point 
a definite maximum rate of Solidification exists. This is 
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comparatively small at the freezing point, increases to a 
maximum, then decreases as the temperature is lowered. 
Hence for rapid cooling the temperature after undercooling 
may not reach Ti, giving a curve of the form D. 

In the ide;d case, the temperature of the metal will 
remain constant during melting and freezing, with the result 
that the portions of the curves AB and A' B' (Fig. 116 ) respec- 
tively, will be flat and parallel to the time axis. The ideal 
curve is further characterized by a discontinuous change of 
slope, rather than by a gradual change, as shown. 



Fig. IKk-— 'Heating and cooling curves for a pure metal. 


In the actual case, however, only a part of the cooling 
(uirve will be flat, and this part of the heating curve will 
usually have greater obliquity than the freezing curve. 
Because of this, freezing point determinations are con- 
sidered more reliable. For practical purposes, they may be 
considered e(|ual to melting points. 

Idle naison for obliquity and its existence to a greater 
degree in the heating curves is partly due to conditions 
relating to e(|uipment and technique employed in obtaining 
data. When a crucible of metal is uniformly heated in a 
furnace, a temperature gradient exists between the walls of 
the furnace and the crucible. The metal in immediate 
contact with the crucible is the first to melt, and during the 
process of melting, the heat necessary for fusion is supplied 
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by the walls of the crucible and the remaining solid metal. 

The melted, outside layer of metal then tends to remain at 
fairly constant temperature. The temperatiire-measui'ing 
instrument, located in the center of the charge, measures the i 
temperature of the solid metal and, since heat is being j 

abstracted from this portion of the charge, the rate at which ! 

the inside temperature increases in greatly diminished with 
the result of a rounding off of the curve. 

As the metal progressively melts inward, the temperature 
of the center metal rises slowly. When the metal surrounding 
the thermocouple melts, the temperature remains fairly 
constant for a short interval of time and indicates the true 
melting point, as represented by point B in Fig. 116. While 
the center of the charge is melting, the temperature of the I 
outside layer of molten metal rises rapidly, owing to the 
heat supplied from the furnace walls. A large temperature 1 
gradient is thus established between the outside and the 
center of the charge. This temperature gradient promotes 
rapid melting of the metal and, if the remaining solid metal 
is unevenly distributed about the themiocouple, causes the 
temperature readings to increase, resulting in another round- ■ 
ing off of the curve. The degree of obliquity at the beginning 
and at the end of melting depends to a great extent upon the 
sensitivity of the temperature-measuring instrument and, 
of course, the coordinate scales used in plotting. In addition, 
the obliquity is governed by such factors as the size and wall 
thickness of the crucible, the amount of metal constituting 
the charge, and the ra,te at which, the charge is heated. It • 
may be diminished by slow heating and a small amount of 
charge. 

Upon cooling of the molten metal, a temperature gradient 
exists between the crucible and the walls of the furnace. 

The metal in immediate contact with the walls of the crucible j 
is the first to solidify, forming an isothermal layer, which 
decreases the temperature difference between the center and ; 
the outside of the charge. This, in effect, decreases the [ 
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rate a,t which the temperature falls at the center of the charge, 
thereby causing a rounding o€ of the first part of the cooling 
curve. During the freezing of the center of the charge, the 
solid outside layer of metal drops in temperature, thus 
increasing the temperature gradient between the center and 
outside portions of the charge. The freezing of the last 
traces of liquid metal is thereby accelerated, with the result 
that the last part of the curve is rounded off. 

It is evident, therefore, that the first part of the approxi- 
mately flat portion of the cooling curve and the latter part 
of the flat portion of the heating curve indicate the true 
freezing and melting points, respectively. Whenever con- 
siderable obliquity is present, the true temperature of freezing 
may be obtained by extrapolating the straight portion of the 
cooling curve and noting at what temperature the constructed 
straight line deviates from the original curve. In like manner, 
the true melting temperature may be obtained from the heat- 
ing curve. This method of extrapolation is shown at points 
B and B' respectively, in Fig. 116 . In general, cooling curves 
are more sharply defined than heating curves of the same 
metal, and are, therefore, more Irequently used to obtain 
transformation data. 

There are four principal ways of recording cooling curve 
data in thermal analysis. 

Direct cooling curves, while easy to obtain and to interpret, 
have several disadvantages. They become progressively less 
steep, and hence less sensitive to heat changes, as the tem- 
perature of the specimen falls. It is difficult to detect 
transformations which involve small heat changes. In 
practice the time required for the stabilization of conditions 
following a major heat effect in the specimen makes it difficult 
to detect any small heat effects which may occur only a few 
degrees lower. 

Imerse rate curves are obtained by plotting as ordinates 
the temperature, and as abscissas the time required for the 
temperature to fall through successive equal intervals (of the 
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order of £°-5°). Merica has suggested a method of obtaining 
the time intervals with two stop watches. One is stopped 
and the other started at the end of each time interval. Dur- 
ing each time interval, it is thus possible to record the length 
of the preceeding interval. 

Differential curves are obtained with the metal under 
study, cooling, beside another sample known to undergo no 
phase changes in the temperature range investigated. The 
temperature of the metal under test is plotted against the 
difference in temperature between it and the inert sample. 
If no changes involving latent heat effects occur, the curve 



Fig. 117. — Cooling curves: A, direct; B, inverse rate; differential; D, derived 
differential. 

is a vertical line. But if such changes occur, cooling is 
delayed and the curve departs frpm the vertical. 

Derived differeritial curves have temperature plotted against 
the slope at each point of the curve showing the difference 
in temperature for the two samples. 

These four methods of recording cooling data are illus- 
trated in Fig. 117, which shows their relative sensitivity in 
locating transition points. 

Equilibrium diagrams 

The state of a two-component system may be represented 
by a point on a three-dimensional diagram in which com- 
position, temperature and pressure are plotted. For metallic 
systems the effect of pressure is not important, and a two- 
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dimensional temperature-composition diagram suffices to 
describe the conditions of equilibrium in the system. The 
vapor phase is omitted since the vapor pressure of metals is 
usually negligibly small. 

Figure 118 is a, generalized equilibrium diagram for a two- 
component system in which no compounds are formed. 
Under equilibrium conditions, an alloy begins to solidify 
when cooled to approach a point on line T\E1\. If the com- 
position of the alloy lies to the left of T, solidification begins 
when it is cooled to line TiE and solid A is deposited. If the 



Flo. 118. — Genornl eutectic diagram. 

composition, lies to the right of T, solidification liegins when the 
alloy is cooled to line ET% with the deposit of solid /h Point. 
E, representing the eutectic temperature and composition, 
owes its significance to the fact that it lies on both lines. If 
liquid of composition E is cooled below tlu" tempera, ture E 
crystals of A and B may form simultaneously. 

The areas at the side of Fig. 118 represent the existema^ 
of solid solutions in the A-rich and B-ric,li alloys, resp(H^i,ively. 
A solid solution is a homogeneous crystaline phasic con- 
taining both components, but in indefinite proportions (not 
in atomic or molecular ratios as in a comiiound). Some sub- 
stances form solid solutions in all proportions, just as sonu’; 
liquids mix in all proportions. Other substances have only 
limited solubility in each other. 
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It is important to distinguish between a solid solution 
and an eutectic mixture. A solid solution is a single crystal 
containing two kinds of atoms or molecules. It is one phase. 
An eutectic mixture is a mixture of pure crystals of each 
component. These often solidify in alternate thin layers or 
plates, and are separable. Hence there is no such thing as an 
“eutectic phase.” The eutectic mixture is that intimate 
mixture of two solid phases which solidify from the liquid of 
lowest solidifying temperature. 

Figure 119 is a temperature-composition diagram for the 
Cd-Bi system. At the side. Fig. 120, are examples of cooling 



Fig. lia.-^Cd-Bi equilibrium diagram. 



Fig. 12 0.— Cd-Bi 
couling curves. 


curves for different compositions of the Cd-Bi alloy. Con- 
sider an alloy of 25% Cd which has been heated well above 
its melting point and allowed to cool. The cooling may b<‘ 
represented by the temperature-time curve B of Fig. 120, or 
by the dotted line fg in Fig. 119. At 180°, Bi will begin to 
solidify from the melt, changing the rate of cooling. Tlie 
remaining liquid will become richer in Cd, the point repr(^seut- 
ing its composition following along curve hze. Wlien the 
eutectic composition is reached and the temperature still 
further lowered, a liquid phase is no longer possible and the 
remaining liquid freezes at a definite temperature (140°) and 
composition (40% Cd). This is an exothermic change result- 
ing in a pause in the cooling curve B, Fig. 120. 
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Experimental method 

The furnace for obtaining thermal data should be capable 
of heating the charge uniformly to the highest temperature 
required and should be so insulated that the specimen may 
be allowed to cool at a moderate, uniform rate. A satis- 
factory ra,te of cooling is about 9,°C. per minute from 10°C. 
above the melting point, and the flat portion of the curve 
should extend a distance equivalent to about 10 minutes on 
the time axis. Furnaces that are neither properly designed 
nor sufficiently insulated will result in a non-uniform rate of 
cooling. This will aflect the shape of the curve and may 
introduce irregularities that will mask important transforma- 
tion points. 

In the preparation of the charge, if the metal is to be 
heated for the first time, it should lie broken into small pieces, 
placed in a crucible of the proper size and composition, and 
heated ap[)roximately 1()°€. beyond the molting point. The 
surface of the molten metal, excejit when U is nickel, should be 
covered with a layer of graphite, to prevmil oxidation of the 
metal. Small amounts of oxide in a pure metal, such as in 
copper, may apjireciably alter the shape of the cooling curve 
and indit^ate the occurrence of transformations at temper- 
atures lower than normal. 

d'he stdeeifou of a crucible that is to hold the charge is of 
eoiisiderahle importance. For most metals, crucibles com- 
posed of Acheson graphite are found satisfsetory. At high 
temperatures the gases formed from its oxidation provitbi 
a reiliKaiig atmosphere which, in addition to the ]>owder<‘d 
graphite, protects the surface of the molten metal. Metals ■ 
such as iron and nickel-— that react with graphite at high 
temperatures, should be melted in crucibles <-(>mp()sed ol 
magnesia or alumina, or mixtures of the two. 

Accurate results are obtained only wlien the metal batii 
and the thermocouple wires are protected from contamina- 
tion. 1110 metal bath may be protected as described above, 
and the thermocouple by means of a suitable proti^ciiug tube. 
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For low-temperature work, up to approximately 500°C., 
pyrex-tubing, sealed at one end, serves very well. The use of 
porcelain or quartz protecting tubes is recommended for 
higher temperatures and with all metals except alumiiiiim, 
which readily attacks silica at high temperatures. Above 
1100°C. protection tubes having a composition approximating 
that of sillimanite are available. 

Figure 1^1 illustrates a. furnace for thermal analysis’ whose 
temperature may be maintained a constant amount above 
or below the specimen temperature. This apparatus not 
only provides conventional cooling curves, but also permits 
quantitative measurements of specific heats and latent heats. ^ 
Another advantage is that it makes possible the detection of 
any small heat effect at a temperature only a few degrees 
below that at which a major effect has occurred. (Witli, 
the conventional differential-thermocouple analysis method, 
sufficient stabilization after a large heat effect for tlie detec- 
tion of a small one may not occur until the furnace has 
reached a temperature as much as 30 to 50°C. from that at 
which the large eft’ect occurred.) 

The specimen is placed in an insulating refractory con- 
tainer across which a constant temperature gradient is 
automatically maintained by the use of a difihrtMitial ther- 
mocouple and a controller. Two ways of comieciing the; 
differential couple are shown in Fig. 121. Heat flow to t.lu^ 
sample depends only on the constants of the container, wliic^h, 
may be determined by the use of a sample of known specific 
heat. The time taken to cool or heat through a given tem- 
perature interval (after correction from a blank (experiment') 
is directly proportional to the heat capacity of the sampfie, 
and the duration of the arrest is directly proportional to the 
latent heat. The method of control eliminates accelcinted 
cooling following prolonged arrests and provides a simple way 
of obtaining a constant cooling rate at all temptn'a,tures. 

1 C. S. Smith, .'1m. Irtsi. Minmff Met. Engrs., Tech. Pub. 1100 (1930). 



Thermal Analysis 225 

These advantages may be increased by substituting for 
the refractory container of Fig. 121, two concentric nicbrome 
cylinders, inside of which is placed a very thin walled cnici- 



l)!e, Siiy\ of graphite. Aluniel wiix's weldc'd io tlie nichroine 
cylinders form multi-junction therm o<;o up] es for controlling 
the temp(M-atnrt^ difference between the cylinders.-' 

.M,el.hods of tlKumal analysis have Ixmmi ap])}i(!d to sjavi- 
mens as small as 0.1 gm. The samples are sealed in silica, 
tulx^s, and dilference curves obtained with, a, tiun'niopih^ 
us(sl in a higJi-temperature, thermostated furnace. 

Dilatometry 

The mctliods of thermal analysis so far described are 
prinnirily for use in determining transformations of state 


“ (f. Edmunds, Discussion of preceding paper. 

3 W. K. L. lirown, Set. Insf.ruments, 16, US (1930). 
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that are accompanied by marked thermal changes. Their 
sensitiveness depends to a great extent upon the rate of heat- 
ing and cooling, and, because of this, they fail in detecting 
transformations in solid solubilities with constituents having 
slow reaction rates. Furthermore, the quantitsitive coni- 
parison of reaction rates is delicate and when the speed varies 
between wide limits, it is px'actically impossible to study the 
phenomenon by ordinary thermal methods. 

Fortunately other methods are available. Transforma- 
tions which occur in many metals and alloys, most notably 
steel, can be detected by quenching a series of specimens 
from temperatures progressively nearer the transformation 
temperature and noting the progress of the change, as made 
apparent in the microstructure. This method is of special 
value in determining solid-solubility lines or studying condi- 
tions where it is difficult to obtain true equilibrium. One 
serious difficulty, however, is encountered in this method: 
certain, structural changes may take place during the time 
required to remove the specimen from the high, temperature 
zone of the furnace to the. quenching medium. 

The temperature at which transformations occur in steel 
which are accompanied by changes in the magnetic suscepti- 
bility of the alloy may be detected by a method which uses 
the dip of a magnetic needle to detect these changes.’^ 

Another method frequently used in determiiiiiig solid 
solubility changes is electrical resistivity measurements 
of the metal under investigation. This method is useful 
over wide ranges of temperature and is particidarly con- 
venient and accurate for determining solidus lines, dlie 
results, however, are affected by such secondary factors a.s 
the thermal history of the metal and the presence of small 
amounts of impurities. 


^ A. Sauvcur, The Metallography and Heai Treaiment of Iron and Steel, Cambridge; 
Harvard Univ. Press, 1935. p. 124. . ' 
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In most metals transformation occurring in the solid 
state are accompanied by an expansion or contraction of the 
metal. By the use of sensitive measuring devices, this linear 
dilatation of the metal at the transformation points may be 
detected and subsequently correlated with the transformation 
temperatures. The phenomenon of volumetric changes at 
transformation points is illustrated in the heating and cooling 
of pure iron. 

Iron crystallizes in the cubic system, being body-centered 
at room temperature, but changing to face-centered at 
about 9]0°C. In the rearrangement of the atoms to form 
the face-centered cubic lattice, the atoms become more 
closely packed, with the result that a marked contraction of 
the metal takes place. Upon its cooling, the reverse holds 
true. The atoms are then rearranged in the lattice to form a 
body-centered structure, causing the metal to expand. By 
the addition of earl)oii or alloying elements to the iron, the 
magnitude of the dilatometric elfects is altercai. As the 
carbon content is increased to the eutectic coin])osition 
(0.83 per cent carbon), the volumetric changes become more 
pronounced, l)ut they dimmish in effect as the carbon con- 
tent is further increased. 

Tin'; stinly of the dilatometric characteristics of a m<‘ta.l 
or an alloy is best carried out by the use of a dilatometcu, 
wliich is (‘sstMitially an instrument that magnifies lh(‘ expan- 
sion and coniraction of a metal under test to such an extent 
that they are apparent to the unaided eye or can Ix' photo- 
gi'aplucally rc(.‘orded. 

The principle of a dilatometer is illustrated by Tig, ISii. 
Idle sample *S' is supported in a quartz tube Q and a, (piartz 
rod transmits any change in the length of the sample; to a 
sensitive dial indicator G, The measurements give the 
differemtiai expansion of the quartz and the sample. From 
a knowledge of the expansion coefficient of (piartz, the expan- 
sion of the siiecimen can be determined. The parliciilar 
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apparatus illustrated® was designed to permit measurements 
of expansion coefficients from —180° to 600°C, rather than to 
provide information on high-temperature transformations. 



Summary 

For a system in equilibrium F = C — P + 2. Cooling 
curves (temperature vs. time) permit detection of phase 
changes and measurement of specific and latent heats. 
Inverse rate and difierential curves are more sensitive in 
locating arrests in the cooling. Equilibrium diagrams, con- 
structed from cooling curve data, describe possible equilib- 
rium states of a system, commonly in a two-dimensional 

® H. Scott, Trans. Am. Soc. Steel Treating, 13, 829 (1928). 
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temperature-composition diagram. Furnaces used to obtain 
cooling- mirves should provide control of the cooling rate of 

the specimen. 
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Problems 

1. Gold (in.p. 10(i;{) and thallium (m.p, 300) form no compounds or solid 

solulions. 'the eutectic composition is 28% An, and the eutectic 
ttmiptM-aiurt' 12()°€. Draw a phase diagram, indicating phases 
present in each litdd. Draw cooling curve.s showing the behavior of 
melts coulaining 0, 10, 28, and 75% An. 

2. Bismuth (m.p. 271) and tellurium (m.i). 450) form a compound BUTc, 

(m.p. 5H0°G.) containing 48 % Te l>y weight. No .solid solution.s form, 
d'hc two (Milectdc lempenitures are 370" and 253" for 15% and <)8.8% 
Bi ribspeclively. Draw an equilibrium diagram and letter it.s fields 
Wluif wouhl liappen at 400" if Te were added gradually to Bi. assimi’ 
ing eiiuilibrium to be maintained at all times? 
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Elementary Thermodynamics 

Introduction 

The science of heat has been seen in earlier chapters 
to be concerned with properties of matter, changes of state, 
calorimetry and radiation. It deals also with chemical 
reactions. The science of heat is studied under the name of 
thermodynamics, statistical mechanics or kinetic theory. 
Each implies a dift'erent intThod of approach. 

Thermodynamics is primarily the study of energy rela- 
tions and the direction in which change occurs. It starts by 
assuming the first and second laws and derives mathematical 
results from them. Both laws are simple and general. 
From them are derived the fundamental results of thermo- 
dynamics, which are independent of any particular assump- 
tions about atomic and molecular structure or about the 
exact mechanisms by which energy is exchanged. In spite of 
simplicity and generality, thermodynamics ha,s tlie drawback 
that there are many problems which it simply cannot answer — 
detailed problems relating, for example, to the equation of 
state and specific heats of particular substances. Thermo- 
dynamics can predict certain relations between observed 
quantities, but not the values of those quantities. Further, 
on account of the form of the second law, thermodynamics 
can give quantitative information only for systems which 
are in equilibrium. 

Statistical mechanics undertakes to answer the question, 
how is each particle of the substance moving and how do 
these motions lead to the observable, large-scale phenomena ? 
For example, how do the motions of the molecules of a gas 
230 
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lead to collisions with a wall which is interpreted as pressure? 
S tatisticuil mechanics can start with detailed models of matter 
and t,hen Ihrongh them predict the results of large-scale 
exi)erinH'nts. d'he first and second laws of thermodynamics 
a, re dei-ivahle from sta/tistical mechanics. Statistical mechan- 
ics is more deta.iled a,nd somewhat more complicated than 
thermodyuainics. Like thermodynamics it is limited to the 
treatment of problems in equilibrium. 

Kinetic theory is a study of the rates of atomic and 
molecular processes, treated by fairly direct methods, without 
much benefit of general principles. It is superior to statistical 
mechanics and thermodynamics in just two respects: it makes 
use only of well-known, elementary methods, and it can handle 
problems relating to systems not in ec{uilibrium (such as 
reaction rates) . 

First law of thermodynamics 

''riic law of the conservation of energy, whicli is the com- 
mon principh' of all physical sciences, is nsually ex]>ress(‘d 
sonu'what metaphorically by saying tliat when energy is 
destroyt'd in one form, it appears in a eorr<\s ponding (jiiaiitity 
in another form, d'he steps which CvStablislied the princii)le 
were: 

(1) Black’s <]isc;ovcry of the latent heat of change of 
state. 

"riu^ discovtny of the nature of combustion. (Traw- 
ford, Lavoisier a.nd La, place showed that aninuti heat or th(‘ 
hea,t of a, eaudh‘ flanu^ bears a constant relation to the amount 
of oxygen, food or wax consumed. 

(b) d'he discovery and* measurememt of the mechanical 
cquiva,hmt of heat, by Joule (1841.) and othevrs. 

( -ontemporaries of Ilumford considered liea,t as a, fluid, 
sometimes called caloric, which was abundant in hot bodies 
and lacking in cold ones. This theory wa,s ad(H.piate for 
calorimetry, using the assumption that caloric or heat was 
conserved, ''rhis .assumption met a critical <iifliculty in 
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Kumford’s observations on the boring of cannon. Rumford 
noticed that a great deal of heat was given off in the process 
of boring. The current explanation of this was that chips of 
metal had their heat capacities reduced by the process of 
boring, so that the heat which was originally present in them 
was able to raise them to a higher temperature. Rumford 
tested this assumption by using a very blunt tool which 
removed few chips and yet produced even more heat than a 
sharp tool. His experiments showed that heat could be 
produced continuously, and in apparently unlimited quan- 
tity, by friction. Surely this was impossible if heat or 
caloric were a fluid which was conserved. Rumford essen- 
tially suggested that the heat was the mechanical energy 
which had disappeared, observed in a different form. This 
hypothesis received experimental proof some years later 
when Joule showed that when a certain amount of work or 
mechanical energy disappears, the amount of heat sippearing 
is always the same, no matter what the process of transforma- 
tion may be. Thus the calorie, formerly considered as a 
unit for measuring the amount of caloric present, was seen 
to be really a unit of energy, convertible into ergs, the ordi- 
nary unit of energy: 

1 calorie === 4.185 X 10^ ergs = 4.185 joules 

In applying thermodynamic reasoning, the region con- 
sidered, separated from its surroundings by imaginary 
boundaries, is called a system. The total energy of all sorts 
contained within the system is called the internal energy of 
the system and is denoted by U. In an infinitesimal change 
of the system, the energy which enters the system as heat is 
called 8Q and that which leaves the system as mechanical 
work is called 8W. The law of conservation of energy is 
expressed as 

5C7 = 8Q + 8W (1) 

Since the formulation of the principle of the conservation 
of energy about the middle of the nineteenth century, its 
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validity lias been seriously questioned only in atomic phe- 
noinena. With the discovery of radioactivity and the heat 
lib(‘ra.t<'^<l by tlie disintegration of the radioactive elements, 
il, was iK'taissary to perform calorimetric experiments to show 
lhat (MUM'gy wa.H conserved even in radioactive processes. 
Mor(‘ recently it has been found necessary to invent a new 
fimda, mental particle, the elusive neutrino, to balance the 
energy (aj nation in certain atomic processes. 

Ill view of the deference shown the conservation of energy 
principle, the reader may well ask with Poincare,^ . . . 
who gives us the right of attributing to the principle itself 
more generality and more precision than to the experiments 
which have served to demonstrate it?” Poincare answers: 
“ We admit it because certain experiments have .shown 
us that it will l)e convenient, and thus it is explained how 
exi>eriinent has built up the principles of mechanics, and why, 
moreover, it: cannot reverse them . . . Whatever fresh 
notions of the world may l)e given us by future experiments, 
W(‘ a,r(‘ (H'rlain beforehand tliat there is something which 
remains eonstanl., and which may be called energy , . . 
jlow Hum shall we know when it has been extended as far 
a.s it is legil.imjitc? Simply when it ceases to be useful to 
us i.t\, wluMi we can no longer use it to predict correctly 
new j)lumonuma.” 

Sonu' of tlu^ extensions of the conservation of energy 
principle whic'h have been made since its formulation will 
b(‘ diseussetl in the following paragraphs. In digression, 
ixNuh'i’ who wishes to know how an apparent failure of 
the c<)ns<‘rva,ti()n of energy principle would be treated will 
fiiul it interesting to trace just such a case in the original 
})apcrs r(‘l‘err<‘<l to below.® 


. Hcicncr and Hypothesis ... , New Yoi'k; The Science Press, 1913. 
“ For a sum 111 ary see T. H. Osgood, R&b. Sei. Instrumimts, 8 , 7 (1937). 

H. S. Slumkliind, Phys Rev., 49, 8 (1938); 50, 571 (1919). 

I>. A. M. Dime, yai-Hre, 137, 298 (1936). 

H. J. Williams anti R. Pickup, Natnte, 138, 461 (1936). 
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The modern stud}^ of atomic physics has introduced 
radically new concepts in physics and has increased knowl- 
edge of the manner in which energy transformations occur. 
The older physics recognized three separate conservation 
laws, expressing, respectively, the constancy of the mass, the 
momentum and the energy of an isolated system. Einstein 
introduced a far-reaching new generalization by postulating 
the equivalence of mass and energy. Every quantity of 
energy of any form whatever represents a mass which is equal 
to this same energy divided by where c is the velocity of 
light, and every quantity of energy in motion represents 
momentum.” Expressed as an equation: 

XJ = nm® 

The older so-called classical physics is unable to explain 
satisfactorily the observed values of specific heats, the 
production of spectra, or radiation curves of the sort shown in 
Fig. 43, Chap. V. In an attempt to discover the laws govern- 
ing such phenomena, Planck introduced the assumption 
that the interchange of energy between matter and radiation 
was not a continuous process. Planck assumed that matter 
(an aggregate of atoms) could be regarded as a collection of 
linear oscillators, and that energy could be emitted or absorbed 
only in multiples of some small energy unit €, called a quan- 
tum. The magnitude of the energy unit was shown to depend 
U])on the frequency v of the oscillator, 

e = hv 

where h is Planck’s action constant, having dimensions erg 
seconds. 

Bohr extended Planck’s quantum hypothesis to apply to 
the radiation emitted by an atom when its internal energy 
diminished by an amount Cr 

' U ^hv 

The heavier elements may be regarded as built up from 
hydrogen neuclei and electrons. Measu^ with a mass 
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spectrograph give the weight of a neutral hydrogen atom 
as 1.008158 atomic weight units. On the same scale the 
atomic weiglit of an electron is 0.0054. The atomic weight 
of a neutral oxygen atom might be expected to be 16(1.008158) 
= 16.1805. Comparing this with the value 16 used in defin- 
ing tlie a/tomic weight scale, one observes that the building 
of an oxygen atom results in the disapi)earance of a mass 
equal to 0.1805 atomic weight units (or 3.169 X 10”“''® gm.). 
The energy of the system is decreased by an amount which 
may be calculated from U ~ mc^. This energy is radiated 
as an electromagnetic wave of definite frequency v and wave- 
length X, 

u = .»te* = hi> = A ^ (2) 

For the case considered, II — l.OluST X erg and hence X 
may be ealeulated as 1.{)()7'1 X 10"'®“ cm. 

A relationshij) between difi'erent ways of expressing energy, 
which, is eon vt‘n lent to rmnember, is 

.T cal. = 4.185 erg == hv = .Ee (8) 

E is a potmilial difference measured in volts, e is the ehtirge 
of ail electron measured in electrostatic units, Odie tiTin 
eh‘ctron volt is {re(}iiently used to specify the tuiergy acijuired 
by mi (‘h'ldroii in moving through a difierence of potential 
of 1 volt. 

Second law of thermodynamics 

The siK’oml law of thermodynamics is cone, (‘rued wilfi the 
dir(‘ction in which energy transfers occur. It expresses the 
fact, that heat will not of its own accord flow from a body of 
lower timqierature to one of higher temperature. To clarify 
the meaning of “of its own accord,’’ the second law is stated: 
no self-acting laigine can transfer heat from a body of iowiu* 
t('mj>era.turt‘ to one of higher temperature. 
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A self-acting engine is one on which no external work 
is done and which operates in such a manner as to take the 
working substance through one or moi-e complete cycles. 
Other definitions needed for a discussion of the second law 
follow. 

A reversible transformation is one which can be made 
to occur in the opposite sense by an infinitesimal change 
in any one of the conditions 
determining the transforma- 
tion. If, for example, a gas 
is expanding reversibly, an 
infinitesimal increase in the 
pressure to which it is sub- 
jected will cause it to contract. 
Clearly a reversible transfor- 
mation must take place very 
slowly. During such a trans- 
formation the different parts of 
the system are infinitesimally 
close to thermal equilibrium 
at every instant. 

An isothermal transformation is one during which the 
temperature remains constant. 

An adiabatic transformation is one during which heat is 
neither gained nor lost. 

A cycle is a succession of transformations which brings 
the working substance back to its initial state. 

A Carnot cycle is a cycle consisting of two isothcwmai 
and two adiabatic transformations. It may be represented 
on a pressure-volume diagram by the curve abed of Fig. 123. 
The cycle could be realized, ideally, by using as the working 
substance a gas confined by an insulated cylinder and piston 
(Fig. 124). The steps would be: 

ah Cylinder in thermal contact with hot reservoir Ti. Gas 
expanded isothermally, taking in heat. 
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he Cylinder insulated. Gas expanded adiabatically. 
ed Cylinder in thermal contact with low-temperature reser- 
voir Tt’ Gas compressed isothermally, giving heat to 
the reservoir. 

da Cylinder insulated. Compression continued adiabati- 
cally until gas is restored to its original state. 

The efficiency of a heat engine is the ratio of the work 
done by the engine in a complete cycle to the heat taken in. 

Two theorems based on the second law of thermodynamics 
will now be proved. 



Fig. 124.— Carnot, engine. 


Theorem, /. No heat engine can have a, greater efficiency 
than a reversibh’i engine working between the same teni- 
peratur<‘s, ( 'onsider that in Fig. 1*25 an irreversible engine 
E' is driving a. reversible engine E backwards, d'ho heat 
(inantitiits tra,nsf(UT<‘d betwe<m the high-tempera, tnre reservoir 
and die low-temp(‘raturc r<;s(U’v<)ir 7b are indicated. As 
E is reversibh' the heat Qi which it gives to 7\ per (‘.ycie 
(!i((iials the amount of heat it would take from 7b if it w<‘r<‘ 
running in the ftirward sense. Similar statements are true 
of Qi and the work W done on E per cycle. Therefore the 
efficiencies of the two engines are 



„E 


and 
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The work done by per cycle is the work W done on E. 
Therefore 

Qi-Q- 2^ Qi' - Q 2 ' (4) 

from the first law of thermodynamics, and 

EQ^ = E'Ch' (fi) 

from the expressions for the efficiencies. 

Suppose that, contrary to the theorem being proved, 
E' > E, Then Qi > Qd from Eq. 5 and > Qi from 



Fig. 125. — Connected pair of heat engines. 


Eq. 4. The result would be that the two engines constituting 
together a self-acting engine would transfer heat from the 
refrigerator to the hot reservoir Ti, But this is a con- 
tradiction of the second law of thermodynamics. .Hence we 
conclude 

E' S E ((}) 

Theorem. II. All reversible engines working between the 
same two temperatures have the same efficiency, irrespective 
of working substance. Consider two reversible engines of 
efiiciencies Ei and E 2 which use different working sub.stances. 
Either one may take the place of JB in the previous discussion, 
the other being operated in reverse. Therefore Ei < E 2 
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and E 2 ^ El must be satisfied, giving 

El = E, (7) 

Kelvin absolute temperature scale 

Carnot’s i)rincip]e provides a way of defining a scale of 
temperature which is independent of the thermometric sub- 
stance. Imagine a hundred reversible engines all of which 
rim through Carnot cycles of the same area on the pressure- 
volume diagram. Let the first engine receive heat at the 
temperature of boiling water, the second receive the heat 
rejected by the first and so forth. If the size of the cycle is 
properly adjusted, the last engine may be made to discharge 
heat at the temperature of melting ice. By assigning the 
values 100”, 09°, 98°, . . . 0° to the temperatures represented 
by th(‘ isoth(‘rnnils in Fig. 128, we have defined the centigrade 
absolute temixu-atiire scale in a manner indeixunleiit t)f tlie 
working substjmee used. A. second set of a hundred reversible 
engines using a different working substance would determine 
the same temperatures since reversible engines o]X‘rafcing 
between the same two temperatures have tlie same efficiency. 

llie eeiitigra,de absolute scale: may fie exi<aided above 
100°(h jiTid below 0°C. by conthuiatioii of the ])roeedure 
indicated above. The temperatim^ at which the: la,st tmgine 
in the series would discharge no heat ina,y fie inter].)rcte<i 
at the absolute zero on the temxjeratmx' sca,l<\ 

It may be sliown that the heat Qi taken in by an engiiu' 
during an isothermal transformation ah (a,t tempera, tnrt‘ T\) 
is represent(si by the area under the curve. Similarly if 
the engine rejects heat at temperature .7fi, tlu^ heat i'ejccle<i 
is represented by the area under the 7’u ist)thermaL ilcm^e 
the ustdul work done by the engine is proi>ortiona,l to tiu’; 
temperature ditf erence 

W = Qi - Q, = HTi - Tt) 

If the engine rejected no heat to the sink 
Q.i ~ 0 == k(Ti ~ 0) 
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By combining the 
engine is given by 

E = 


last two equations, the efficiency of the 

W Qx~Q, __ Tx ~ T, . . 

Tx 


It follows that the ratio of the heat taken in to that rejected 
is equal to the ratio of the corresponding absolute tempera- 
tures 


Qi ^Tx 
Q'l 


( 0 ) 


The thermodynamic temperature scale has been defined 
in terms of an idealized experiment. The importance of 
the mental experiment here described is that temperatures 
so defined are independent of the nature of the working 
substance. 


Entropy and the second law 

To facilitate a mathematical statement of the second law 
of thermodynamics it is convenient to introduce the idea of 
entropy. The increase of entropy d8 occurring when an 
amount of heat 5Q is absorbed in a reversible transformation 
is given by dS — dQ/T. The entropy is a quantity char- 
acteristic of the state of the system. If a system passes from 
one state to another in a reversible way, JdQ/T proves to 
be an integral whose value is independent of the path. It 
gives the difference in entropy between the two states. The 
same integral evaluated from an arbitrary zero point (usually 
taken as the absolute zero of temperature) gives the entropy 
of a state. To calculate the change in entropy for an irrever- 
sible process it is necessary to replace the ii'reversible process 
by a reversible transformation connecting the same two 
terminal states. Then jBQfT applied to the reversible 
transformation gives the desired change in entropy. 

The second law may now be stated in a mathematical 
form as 
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dS — “S for a reversible process 

dS > for an irreversible process 

(10) 


Combining t,bis witli the first law we get 

TdS > dU -h 8W (11) 

in which, for reversible processes the equality sign is used. 
Clausius summed up the first and second laws of thermo- 
dynamics, respectively, by saying that the energy of the world 
remains constant and that the entrofy of the world te7ids to a 
maxi'iimmi. 

In describing the state of a substance we may choose 
any two of the five variables "i/, .9, T, r, and p as independent 
vari{d:)]es,, expressing thc^ remaining three as functions of 
thescj. dm, ds and dT are exact diiferentials ill d/p and dv, 
whilt^ 8q a,nd dw Jire not exact. ''I'he integrals and Jdw 
are not independent of path, which is only another way of 
saying tliat mecliani(;al and heat energy are interchangeable. 


Common thermodynamic coefficients 

Wlimj one of the five variables, p, v, 7\ u and .9, is differen- 
tialc'd with nsspi'ct to another it is necessary to specify the 
second indepiMulent variable, the one which is held conKta,nt 
in the dilfen'ntiation. It is convenient to indicate thi.s by a 
siibs(a*ipL. '"I'lius {dv jdT)j, is the derivative of V in which 2' 
a, ml p are independent variables. There are a number of 
partial derivatives whose meanings are already familiar, 



== ap — coefficient of thermal expansion at 
constant pressure 

== a® = coefficient of change of pressure at 
constant volume 
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-isothermal compressibility (reciprocal of 

modulus of elasticity for isothermal change, 

Mi) 

- adiabatic compressibility (reciprocal of 

modulus of elasticity for adiabatic change, 
Ms) 



= Cv — heat capacity at constant 


volume 


To find the heat capacity at constant pressure, Cp, Eq. 11 
is written in the form 


Tds == du + pd.v (IS) 

Then Cp, the heat absorbed divided by the (diange in tempera- 
ture at constant pressure, becomes 

C'j = r (af)^ = (ay)^ + P (ay)^ (is) 

Common thermodynamic functions 

Several function of the thermodynamic variables appear 
frequently in thermodynamic calculations and have been 
given various names. They are defined by the following 
ecpiations 

II ~ U PV Heat content. Enthalpy. Gibbs' x function. 
A = U — TS Helmholtz free energy. Gibbs’ xf/ function. 
G ~ H — TS = U — TS d- PF Gibbs free energy. Gibbs’ 

r function. 

Methods of deriving thermodynamic relations 

In view of the large number of partial derivatives which 
can be formed from the thermodynamic variables, it is 
advantageous to have a systematic procedure for finding any 
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particular formula that may be needed. The four mathe- 
matical methods of finding thermodynamic formulas are 
summarized in the following. 

(1) Eq. 1S5 and other thermodynamic relations are of the 
form 

dx — Kd.y + Ldz (14) 

where K and L are functions of the variables. Additional 

formulas are obtained from such an expression by dividing by 
the differential of one variable, .say du, and indicating that 
the process is for a constant value of another, say w, 

©.+'■(£). i'») 


Only when dx is the differential of a function of the state 
of the system is it proper to write paj'tial derivatives like 
(dx/di()w‘ Corresponding expressions could not be written, 
for example, using 5)F or dQ. Since {dxldy)z ~ K and 
{dx ldpS)y = X, Ecp 15 may be written 

which is the familiar mathematical equation expressing a 
total differential dx in terms of partial derivatives. 

dx /d u ___ dx 
dy jdu ~~ dy 

partial derivatives taken with respect to the same variable 
and with the same variable held constant are related by 


(2) Eor ordinary derivatives, 


Hence two 


{dx fd'u)z __ / 
Idy/du), "" \dy). 


(17) 


(3) If X is constant in Eq, 16, dx = 0, and the equation 
may be solved for dy /dz which will be {dy /dz),, 


_ _ (dr /d z)y 

WA ~ “ ( 


{dx/dy)^ 


( 18 ) 
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Using Eq. 17 this equation may be rewritten in either of the 
two forms 


\d^/x 


{dy /dx)^ 
idz(dx)y 


\dyh W)y 


-1 ( 19 ) 


(4) The fundamental theorem regarding second partial 
derivatives 

when applied to Eq. 14 makes 

©.-(!). 


Four important relations result from applying Eq. 20 to 
the differential expression of the first and second laws, 
Eq. 12. These are 



Equations 21 are generally called Maxwell’s relations. 

Any desired relation connecting the first derivatives of 
the thermodynamic variables may be derived by applying 
the four processes just considered, or combinations of them. 
Such formidas have been classified and tabulated for con- 
venience in use.^ 


■'* P. W. Bridgman, A Condensed Collection of ThermodynamiG Formulas, Ilarvartl 
U. Press. 

J. C. Slater, Introduction to Chemical Physics, McGraw-Hill, 19 S 9 . pp. 27 - 29 . 
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JoTile-Thomsoii effect 

The Joule-Thomson porous-plug experiment consists in 
measuring the cooling experienced by a gas flowing through 
a porous plug 0 from a region of pressure fx to a region of 
lower pressure p 2 in. a thermally insulated chamber (Fig. 137, 
Chap. XIV). It is important be^cause it provides a way of 
calculating absolute thermodynamic temperatures from meas- 
urements and corrections obtained with a constant pressure 
thermometer using a real gas. 

The net work done by a unit mass of gas in passing through 
the plug is hw = — fiVi == d{pv). As no heat is taken 

in d(u + pv) — dll 



bq = du bw ~ du fl- d(pv) — dx = 0 

since 

dll + pd/i) ~ Tds 

we have 

Tds + vd.p — 0 

or 


Now 

(Ss\ (dtt\ 

'' \df)^ ~ \ap)r ~ V§rA 

Hence 

c^dT = (^T ^ - v^lp 

or 

/dT\ T{dviaT)„-v 

\dp/ii ('p 


This gives the differential Joule-Thomson effect {dT {dp) u- 
Eq. may be written 



Comparing with Eq. 13, it follows that 


~ V 
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The first term on the right measures the deviation of the 
gas from Joule’s law [{duldv)^ ~ 0] while the second gives 
the deviation from Boyle’s law [?)'?;=/(. 7")]. The Joiile- 
Thomson effect is the resultant of deviations from both 
these laws. That part of the internal energy which is due 
to molecular attraction always decreases with decrease of 
volume (i.e., with increase of pressure) so {du ldp)T is negative. 
Hence due to deviation from Joule’s law alone the Joule- 
Thomson effect is a cooling effect. Superposed on this is 
the effect due to deviation from Boyle’s law, which is a 


cooling or heating effect depending on whether 


d{pv) 

dp 


negative or positive. 


Joule-Thomson effect for a Van der Waal’s gas 

For a perfect gas, the right hand side of Efj. S3 is easily 
seen to be zero and hence the Joule-Thomson effect vanishes. 
For a gram molecule of gas obeying a Van der Waal equation 

of state, -f- ^ 2 ^ ^ — RT, it can l)e proved that 



2a(F - hy - brmr v 

liTV^ - ga(F ~ by Op 

1 


■'C'p, A by 

RTVy Vj 


b ^ Sa 


Hence cooling accompanies a decrease in pressure as long as 
T < 2a IbR. The temperature given by 7\- == 2a jbR. is called 
the inversion temperature, since on passing this temperature 
the Joule-Thomson effect changes sign. The critical tern- 
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perature and pressure for a gas obeying Van der Waal’s law 
are found by setting both dpjdv and d^p jdh equal to zero. 
They are: Tc = and pc = aj^W, or RTdpcPo = M* 

The kiversion temperature is seen to be approximately 
^HTe. 

Correction of gas thermometer 

Eq. 22 can be utilized to give the absolute thermodynamic 
temperatures from observations on an ordinary gas ther- 
mometer. If d and Cp^ are used to represent temperature 
and specific heat measured on an arbitrary gas thermometer 
scale, 

“ d.T ~ dd dT ~ dT 
/an ^ dT /a^\ 

\dp)}i dd \dp)n 

hence 


also 




n 


/d'A _ db 

\dT)p~\de)pdf 

so Eq. 22 yields 

Jri T Joi V + Cplddjdp)ii 


m 


The quantity on the right can be mea.sur('fl on n,ny IIum’- 
mometer, the same thermometer being usimI foi- all unxisiire- 
ments. If their dependence on $ is known from <‘Xj)<’;riin(mt 
the integration can be performed. Assuming thi.s to be <lone, 
and taking di and 6% to refer to the temperature of nH^lHiig 
ice and condensing steam, respectively. 


I TiO( 
loge rp 

i 0 


, . To + 100 

■ l^Se rp A 


where X is the value of the integral (Eq. 24) between the 



248 


Temperature Measurement 


limits 0° and 100°, since by definition Tm — Tq ~ 100. 
This determines To. Any other temperature Ti can be found 
from the relation 


1 Tt {dvidd)., dd 

To Jo V + Cp'{dd]dp) „ 


( 25 ) 


In general there are not sufficient data to give accurately 
the variation of the Joule-Thomson effect with temperature. 
In such cases a practical procedure is to write the equation 
of state for the gas from what ever experimental data are 
available. The equation is usually expressed in the form'*^ 


pV — A + Bp + Cp^ + Dp^ 4. . . . ( 30 ) 


The constants A, B, C, and D are complicated functions 
of the temperature, but are independent of pressure. They 
are found by noting the volume occupied l)y the gas at differ- 
ent pressures. Experiments'* on a iiiimher of gases in the 
range from — 183 ° to 400 °O. have shown that the D-term and 
those following are negligible. Thus the e<|uati()n simplifies 
to pV == A -j- Bp, It is easily seen that for low density 
(j? — » 0) the gas obeys Boyle’s law (pE = yf), that is, it 
behaves like a perfect gas. Hence in order to obtain tem- 
perature readings corrected to an ideal gas scale, observations 
are made on a real gas and the results extraj)olated to p — > 0. 


Summary 

Gases which deviate from the ideal laws of Joule and 
Boyle experience a Joule-Thomson effect, i.e., a luNiting or 
cooling when expanded adiabatically through a porous plug. 
The Joule-Thomson effect is of theoretical importance in 
permitting calculation of thermodynamic tem])eratur<‘s from 
measurements with a gas thermometer, and of piaicticai 
importance in the commercial liquefaction of gast^s. 


^ K. Onnes, Corrmun. Phys. Lab. Univ. Leiden, No. 71 (1901). 

J. Otto, Hand. Exp. PhyHk, 8, part 2, 191 (1929). 

®L. Holborn and .J. Otto, Z. PAym/c, 33, 9 (1925). 



Elementary Thermodynamics 249 

The interchangeability of heat and mechanical energy 
is expressed in the first law of thermodynamics : 

W=^dq-\-bW, 

The conservation principle has been extended to include 
interchange of mass and energy: U == The second law 

of thermodynamics is concerned with the direction in which 
energy transfers occur. It is given mathematical expression 
by introducing the concept of entropy: dS == dQ IT (reversible 
process) ; dS > 8Q /T (irreversible process) . The first and 
second laws may be combined in the expression: TdS > dll 
+ SJV. 

References 

Slater, J. C. Introdiietkyn to Chemical Physios, Now York: McGraw-Hill, 
1989. 

Zemanslcy, M. W. Heat and Thermodynamics, New York: McGraw-Hill, 
19,87. 

Problems 

1. What is the therraodynainic efficiency of a non-condensing steam engine 

which u.ses steam at a pre.s.siire of 150 Ib./in.*'^ (saturation tempera- 
ture 858.43°F.) ? 

2. What advantage re.sults from using mercury vapor instead of steam in 

driving turbines? 

8. An ideal engine has an efficiency of 95 f)er cent wlnm its c(»nd(mscr 
tempera, i.ure i.s 95“C. What change in (i) condenser temp('rature or 
(ii) boiler temperature would be nece.s.sary to iiu'rt'aso the: efficiency 
to 85 })(‘r c(‘nt? 

4. C(jnipure the heating effects produced in a room at 17°(b by a given 

({uairtity of electrical energy, (i) if the (4ectrica,l power is dissi])att;d 
in a resi.stance heater, and (ii) if the electrical jKnvc'r is used to 
operate an ideal heat engine to tran.sfer lieat from the mitside 
(“5°C.) to the room. Comment on the practical pt)ssibility of 
such a scheme. 

5. List in outline form the steps necessary in defining the thermodynamic 

(Kelvin) temperature .scale, 

6. State clearly how the reading of a laboratory temperature inditiator 

would be cojivertcd into the corresponding absolute IcnsiHTiilun* iu 
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tlie neighborhood of (i) ■— 200°C., (ii) 20°C., (iii) 500°C,, (iv) 
1500°C.? 

7. What energy, measured in electron volts, is necessary to excite the 

2536. 5A resonance line, in mercury vapor? 

8. It requires 4.42 v. to dissociate H- into H 4" H. Calculate tlie lieat 

of formation of Ho in caL/gm. 

9. If an atom of oxygen (at. \vt. 16.00000) were built up of hydrogen atoms 

(at, wt. 1.00778) and electrons in one step, what fre<juency of radia- 
tion should be associated with the proces,s ? 

10. What is the change in entropy of 10 gm. of ice when sufficient heat is 

added to melt it? 

11. A mercury thermometer has been heated until the mercury just fills 

the bore. If the temperature is further increased by 1°C., what will 
be the internal pressure? (Coefficient of compression for mercury 
is 3.9 X lO-® per atm.) 

12. Show that if the thermal capacity c of a solid remains con.stant, the 

change in entropy AS in lieating M gm. of it from To to T 
T 

is Mg logft jr- 

13. Show that if the specific heats of a gas remain ctmstant and if as heat 

is added to the gas it is allowed to expand, 



CHAPTER XIII 


Special Methods of Temperature 
Measurement 

Determination of gas temperatures 

The temperature of a gas placed in an isothermal enclosure 
can be measured with no difficulty. Any measuring device 
placed ill the gas attains the equilibrium temperature and 
indicates correctly the temperature of the gas. 

In problems of practical interest, however, the gas tem- 
perature is often quite different from that of its surroundings 
and any pyrometer measurements made in the gas without 
suitable precautions are liable to large errors. The desira- 
bility of sliielding the thermometer from radiation and of 
increasing the heat transfer from gas to thermometer by 
forced convection has long been recognized in the design 
of the aspiration thermometers used for meteorological 
measurements . 

Gas temperature measurements are of considerable indus- 
trial importance in the control of boiler furnaces, heaf, 
exchangers, glass furnaces, etc. An outline of the principal 
methods and precautions used may suggest dt^signs for pa,r- 
ticular applications. 

(f) Radflation 'protecting shield. If a stream of gas a, I 
temperature T is passing through a tube whose walls are a t: n 
lower temperature Tw, a pyrometer placed in the gas assumc's 
a temperature Tp intermediate to and jT. If a is 
coefficient for energy exchange by conduction and convection 

^ For a hihliogrwphy {ISO references) see H. F. Mullikin, “Gas Temperaluro 
Measurements and the High Velocity Thermocouple,” Temperature — Its Measure- 
ment and Control . . . , New York; Beinliold, 1941. pp, 775-804, 
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pyrometer. 


between tlie pyrometer and the gas, and b is the radiation 
coefficient, one can write for unit area 

a{T - T,) = » T^y. ( 1 ) 

If a shield Si (Fig. 126 ) is interposed between the pyrometer 
and the wall, it will assume a temperature Ti lower than T 
but higher than T^. The 
equation for thermal equilib- 
rium then becomes 

a{T - Ty) = h{Ty^ - Ty) 

( 2 ) 

where Tp' is the new tempera- 
ture of the pyrometer. Since 
Ty is much greater than T^, 
Tp' is greater than Tp and the 
accuracy of the pyrometer in- 
dication is improved. A. sec- 
ond shield So. may be added to make Tp" approach more nearly 
the true gas temperature. But unless tlie gas velocity 
through the shields is appreciable, considerable error remains. 

(ii) Thermocmifles with different diameters. The radiation 
error of a thermocouple decreases as the diameter of the wire 
is made smaller. Because of the existence of a gas film, 
the effective area receiving heat by convection is larger than 
the actual surface of the wire losing heat by radiation. The 
use of very small thermocouples is impractical because of 
their fragility. However, if measurements are made with 
a number of thermocouples of different diameters, a curve of 
indicated temperature against wire diameter may be drawn 
and extrapolated to zero diameter to obtain an estimate of 
the gas temperature. 

{Hi) Radiation, optical m color pyrometers are subject 
to large errors when used to indicate gas temperatures 
directly. They generally measure a surface temperature. 
Their readings require corrections, usually unknown, for 
emissivity and for thickness of the gas layer. 



Special Methods of Temperature Measurement 253 

{iv) High velocity thermocouple. A thermocouple using 
a radiation shield and forced convection appears to be the 
most satisfactory method of measuring gas temperatures in 
many industrial applications. Figure 1£7 shows a pyrometer 
of this design for measuring temperature in slag-bearing gases 
up to 3100°F. The gases are drawn through a water-cooled 



Fig. 127. — Water-cooled high-velocity aradiant thermocouple. 


tube by means of an aspirator operating by compressed air. 
At the furnace end, a thermocouple hot junction suiTounded 
by a porcelain radiation shield is heated by the high velocity 
gases flowing past, thus giving the gas temperature. The 
construction facilitates replacement of the shield or the ther- 
mocouple junction when the instrument becomes plugged 
2200 
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Fig. 128. — Gas temperature measured hy variou.'^ pyrometers. 

or damaged by slag. Similar instriimeiits have lieen variously 
called suction, aspiration and aradiant convection jiyroincters. 
It is obvious that the principles of this type of })yrometer 
can be used with temperature-indicating instruments other 
than tliermoconples. Figure 128 shows the gas temperatm-es 
indicated in a certain test by an optical pyrometer, various 
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bare thermocouples, a high velocity thermocouple and a 
high velocity thermocouple with multiple shields. Such 
a comparison is an example of the misinformation supplied 
by even good instruments when used under conditions other 
than that for which they were calibrated. 

(?;) Ileated-fihiekl high velocity therm, oaoiiple. Consider the 
two shields of Fig. 1S6 to be co-axial alundum tubes, the outer 
one provided with a heating coil. When the gas is aspirated 
through the tubes, the heating of is varied until its tem- 
perature T<i (read on an auxiliary thermocouple) is equal 
to the temperature Tp indicated by the pyrometer. The 
temperature Tp is then taken as an accurate indication of 
the gas temperature, since there is no net radiation from 
the pyrometer. 

(vi) Resisicmce thermometers, glass therm-ometers and expan- 
sion thermometers are usually limited to measuring gas tem- 
peratures below 500°C. They are usually less accurate than 
thermocouples and more difficult to install, 

(^vii) Dynamic gas thermometers. The rate of flow of gas 
through an orifice varies as the square root of its absolute 
temperature. 

{viii) Calorimetric method. The initial temperature of 
a gas is calculated by measuring the heat content of a sample. 
The method is difficult and slow. 

{ix) Gas temperature from velocity of sound. The fact 
that the velocity of sound varies as the square root of the 
absolute temperature of a gas offers an attractive but little- 
used method of measuring gas temperature. 

(.r) Interference and photography provide methods of 
measuring gas temperature which are described below. 

Flame temperatures 

The temperature of a flame may be defined and nieasiiued 
as the temperature of a solid body which is in thermal equilib- 
rium with it. In using a thermocouple or a resistance 
thermometer to measure a flame temperature directly, one 
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encounters the same sort of difficulties as outlined under gas 
temperature measurements. A method which does not dis- 
turb conditions in the flame and which takes account of 
radiation losses from the measuring element is to be preferred. 

One useful method of measuring flame temperature makes 
use of a wire, heated electrically, which is placed in the 
flame. ^ It loses heat by radiation, by conduction to its sup- 
ports and by convection to the surrounding gas. If the wire 
is at the temperature of the gas, no convection loss occurs, all 
the heat lost is radiated or convected. Similar conditions 
prevail if the wire is placed in a vacuum. If the point is 
found (from a graph) at which both the current and the 
temperature are the same for the wire in the flame as in a 
vacuum, then that temperature is the temperature of the 



Fig. 129. — Optical measurement of tiamc! tempcjrature, Kurlhaiim’s method. 


flame. The temperature of the wire is determined with a 
thermocouple or with an optical pyrometer. 

If the gases which comprise a hrminous flame arc in 
chemical equilibrium at the temperature of the flame and 
are the only source of radiation (assumptions whif!h art^ not 
always justified) then Kirchhoff’s law may be apjilied to 
measure the flame temperature by an optical metbod. Light 
from an auxiliary source A (an incandescent tungstiai foil, 
an arc or a blackbody) is directed through the llanui and 
ou the objective of an optical pyrometer P, Fig. !29. Tlic! 
brightness observed in the pyrometer is the brightness h^r 
of the flame at temperature T and in addition the brightness 
of the auxiliary source at temperature T' which is trans- 
mitted by the flame, Bxt'O- <^x)' This will be equal to 


“ E. Griffiths and J. H, Awberry, Proc, Boy. Soc., 123, 401 (1920). 
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the brightness of the auxiliary source alone, provided 
bxT Bxrax, that is if T' = T, Observations are made by 
regulating the auxiliary source until the indication of the 
optical pyrometer does not change when the flame is inter- 
posed. The reading of the optical pyrometer then gives the 
flame temperature. 

The method of spectral line reversal is widely used for 
measuring temperatures of non-luniinous flames. A lens 
Li (Fig. 130) forms an image of an auxiliary light source A 
in the flame. A second lens X 2 projects the image of the 
source and the flame on the slit S of a spectroscope. The 
flame is colored by the addition of a small amount of a metallic 
salt (usually sodium) which furnishes radiation of wavelength 
X. If Bx is the spectral brightness of the source A. and K is 



FiO. ISO. — Flame temperature by Fery’s Na-line revei'Hal method. 


the spectral brightness of the flame, the image seen in the 
spectroscope has a brightness Bx + 6x(l ~ ax), '^rho bright- 
ness matches that of the continuous background illuminatiou 
from A provided Bx lax “ Z>x. From Ivircliholf ’s law, Brx lax 
represents the brightness of a blackbody at the temperaturt'. 
of the radiating particles. Hence the flame temperature is 
determined by adjusting A until the sodium line matches 
the background illumination, and then measuring the tem- 
perature of A with an optical pyrometer. 

The sodium line reversal method has been extensively 
applied to measuring internal combustion engine tempera,- 
tures.® A quartz window is placed in the cylinder and a 
stroboscopic shutter permits temperature measurements to 
be made during any desired part of the operating cycle. 


^ Watts and Lloyd, Engineering, 139, 195 (1936); 140, 232 (1935). 

W. T. David, Phil Mag., 21, 280 (1936); 23, 345 (1937); Nature, 139, 07 (1937). 
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Pyrometric cones 

Pyi’ometric “cones” are slender trihedral pyramids made 
from mixtures of china clay, feldspar, whiting, flint and: 
fluxes, which by their softening and deformation indicate 
the heat treatment to which they have been subjected. The 
cones are particularly useful guides to the proper firing of 
ceramic products since they behave thermochemically much 
like the ware. The term “pyrometric cone equivalent” 
(PCE) is used to designate the temperature (strictly, the heat 
treatment) indicated by pyrometric cones. 

Pyrometric cones were made for private use by Lauth 
and Vogt at the Sevres Pottery in 1882. They were madei 
commercially over an, extended temperature range by Seger 
in 1886. The cone series has subsequently been extended 
to indicate temperature over a range of from OOO to 2000° C. : 
in intervals of about 20°C.'‘ Table I lists a series of standard 
cones.® 

Cones are mounted on a plaque at a slight inclination, | 
with the aid of a temj^late, 8° from the vertical being taken ; 
as the standard. They are so placed in the kiln as to be i 
subject to a representative heat condition, and are protected | 
from flame or radiation from surfaces markedly hotter than i 
the rcvst of the kiln, lieducing or sulphurous atmospheres I 
have a detrimental effect on the proper deformation of some i 
cones. i 

Cones arc not pyrometers, and should not be so used. 1 
I'hrough the use of radiation pyrometers and modern auto- j 
matic control, an increasing number of ceramic furnaces i 
are now being held within temperature limits which were : 
not feasible as long as the cone was the only practical method ; 
of measuring temperature. Cones, however, measure the ! 


C. O. Fairchild and M. F. Peters, J. Am. Ceram. Soc. 9, [11] 701 (1020). 

II. F. Rea, , 7. CVtoot. Soc.: 21, 98 (1938). 

The Edward Orton .h. Ceramic Foundation, . . . Pyrometric Corn's, 1937. 
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maturity of the ware in an accurate manner and in a way that 
can be compared from plant to plant. 

Thermocoiors 

Teniperatiire-sensitive paints indicate, by a change of 
color, when the temperature of the surface has exceeded a 


TABLE I 

Temperature Equivalents of Cones''’ 

The Soft Series 


Cone number 

When fired slowly 20°C. per hour 

When fired rapidly 1S0°C. per hour 

* Cent. 

“ Fahr. 

° Cent. 

“ Fahr. 

022 

585 

1085 

1 

006 

1121 

021 

505 

1103 

615 

1139 

020 

025 

1157 

050 

1202 

019 

630 

1166 

000 

1220 

018 

070 

1238 

720 i 

1328 

017 

720 

1328 

770 

1418 

010 

735 

13.55 

705 

1403 

015 

770 

1418 

805 1 

1481 

014 

705 

1463 

8.30 

1520 

010 

825 

1517 

800 

1580 

012 

840 

1544 

875 

1007 

Oil 

875 

1607 

005 

1001 


The Low Tempei-ature Series 
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TABLE I. — {Continued) 
The High Temperature Series 


Cone number 

When lieateil at 100° per hour 

” Cent. 

°Fahr. 

Sf! 

1580 

2876 

iii(i 

1595 

2903 

27 

1605 

2921 

28 

1615 

2939 

29 

1640 

2984 

30 

1650 

1 3002 

81 

1680 

' 3056 

32 

1700 

3092 

32H 

1725 

3137 

33 

1745 

3173 

34 

1760 

3200 

35 

1785 

3245 

36 

1810 

3290 

37 

1820 

3308 

38 

1835 

3335 

*39 

1805 

3389 

40 

1885 

3425 

41 

1970 

3578 

42 

2015 

3659 


* The hist four cones ww-e henlod <i00° per hour. 


predetermined value. This chemical method of temperature 
measurement has certain obvious advantages over more 
exact physical methods. It gives information about an 
entire surface at a glance. Indications are independent of 
the distance. It provides a simple and inexpensive way of 
safeguarding bearings, motors, circuit breakers, radiators, 
drying chambers and the like from overheating. It makers 
possible the cpiick determination of isothermals on airplane 
motor cylinders, indication of faulty insulation on heating 
tanks find the detection of burners which have “struck-back.” 

Idiermocolors are made of salts of different metals (par- 
ticularly copper, cobalt, nickel, chromium, molybdenum 
and uranium) in compounds which change color at certain 
temperatures through loss of water, ammonia, carbon dioxide, 
through change from orthosalts to pyrosalts. Table II is 
a list of thermocolors, all of which are organic or inorganic 
compounds with ammonia which contain colored ions. It 
will be noted that some pigments show multiple color changes, 
'idiis suggests the goal of a thermocolor paint which can be 
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TABLE II« 
Thebmocoloks 


Tlienaocolor 

Tem- 

perature 

Color change on lieatiiig 

1 . (NKO 2 U 0 O 7 

200 °C. 

1 Yellow 

Gray 

2 . (NH4)4He[Ni(Mo04)n]-5HoO.. . 

180-210 

White 

Gray 

3. (NH4)3H6[Fe(Mo04)]-7H20. . . 

80 

White 

Yellow 

L (NHi)3P04-1'2Mo03 

140-160 

Yellow 

Black 

5. C 0 NH 4 PO 4 H 2 O 

140 

Puri)le red 

Deep blue 


500 

Deep blue 

Bright green 

G. NiNH 4 P 04 - 6 H 20 

120 

Bright green 

Gray green 

7. NH 4 M 11 P 2 O 7 

400 

Violet 

White 

8. [Co(NH;0fi]PO4 

. 200 

Yellow 

Blue 

9. [Co(NHa)d.(C204)a. 

210-220 

Yellow 

Violet 


250-270 

Violet 

Brow'u 


320-350 

Brown 

Black 

10. [CofNHiOfilHPA 

280 

Yellow 

Blue gray 


^400 

Blue gray 

Bright violet 

11. [Co(NH3)6Cl]Cl2 

190 

Purple 

Dark blue 

12. [Co(NHa) 5 Cl]SiP« 

200 

Purple 

Gray 

13. [Cr(urea)MCr(CN)6] 

140 

Green 

Brown 

14. [Ni pyr4](CNS)2 

135 

Blue 

Bright green 


210 

Bright green 

Yellow 


340 

Yellow 

Brown 

15. [Cu pyr2](CNS)2 

135 

Green 

Yellow 


220 

Yellow 

Black 

16. [CKNILOddP-A).-, 

140-150 

Yellow 

Violet 


220-230 

Violet 

Bright blue 


280 

Bright blue 

Brown 

17. [Cr(NH;0f.Cl2lO4 

260 

Red 

Dark brown 

18. [Cr(NH.<,)5Cl]SiPo. 

250 

Red 

Dark brown 

19. NHaUOa 

150 

White 

Brownish 


170 

Browni.sh 

Black 


sprayed on a surface to indicate at a glance its temperature, 
over a wide range of values. 

For some application reversible color changes are suitable, 
but more often irreversible changes are desired for per- 
® Penzig, C7jeOT. /'■’airZ/i:, 12, m, 358 (1939); [P/JF 66*5 
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manent indications. It is difficult to find colors whose 
changes are stable at low temperatures. The thermocolors 
listed in Table II are irreversible. The color change is 
somewhat dependent on time as well as temperature: for 
rapid heating it occurs at higher temperature. 

Photothermometry 

With the development of infra-red sensitive photographic 
plates it has become possible to photograph hot bodies by 
their own radiation and from the photographs to determine 
temperatures. The blackening of the photographic plate 
depends on the temperature of the source since each tempera- 
ture is characterized by a definite radiation energy. The 
lower limit of usefulness for photothermometry is determined 
by plate sensitivity and intensity of radiation. It is approxi- 
mately 250~270°C. for large aperture lenses and 15 hour 
exposures. There is no upper limit. There is a rapid 
increase in radiation energy with temperature. As the 
temperature increases from 'flu 5 to 400'^C. tlie radiation energy 
(for X — 0.85g) increases from 3.28 X 10"*’ to 933 X lO""*’ 
cal. cm.~^ The method of photothermometry is not good 
for absolute measurements. Uncertainties may l>e of the 
order of 60~120°C.. It does, however, determine teinperatuui 
ratios with good accuracy, and is particularly useful in 
obtaining quickly the isothermals of engine cylinders, fur- 
naces, insulating jackets and the like. 

The monochromatic radiation energies Ah and Ta corrc'- 
sponding to source temperatures Ti and 7.\ are related by 

logBx -logj;, - ~] (3) 

For small temperature differences the quantity in brackets 
may be replaced hy b{Ti — T 2 ). In calibrating the photo- 
graphic plate, temperature differences, proportional to log- 
arithms of energy, are plotted as abscissas and plate darkening 
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as ordinates, giving curves similar to the familiar density ---dog 
intensity curves of ordinary photography d 


TABLE IIP 

Exfosxjke Table for Infra-red PHOTOGRAMiy 
(Agfa 850 plate. Dark room. No filter. Distance: (5 feet.) 



For hlark ftlU>r.s (Aj'fii Sr) & S7); multiply times by 2 for twilight, gnsm or atrotigly-eolored lanip 
liglit, for siirffiee.s whieli are bliiek, oxidizrMl or eolored. For smootli white or painted liron/.e: 

multiply by 10. 

For «[/ filters (iighi SI to 8t)-‘ no change in exposures tabulated. 

The standard used in calibrating the plate may be an 
electrically-heated nickel cylinder whose temperature is 
measured with a thermocouple. Rapid calibration from a 
single exposure is made by photographing the temperature 
parabola existing in an aluminum or silver rod heated at one 
end. 


^ See, for exam-ph, J, E. Mack and M, J. Martin, The Photographic Process, 
New York: McGraw-Hill, 1939. Chap. 6. 

® P. Neubert, Arch. Warmewirt, 19, 30 (1938) [Bibliography]. 
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Commercial infra-red plates are available for photo- 
thermometry.^ These are best stored in a refrigerator and 
used within a few months. They may be sensitized with 
ammonia immediately before use. Rodinal developer is used 
for steep gradation, or metol-hydroquinone or giycimi foi* 
smaller 7 . 

Photothermometry in a darkened room requires no filters. 
If extraneous light is present it is kept from the plate by a. 
red or “black” filter, such as a cobalt oxide glass whicli has 
been heated to blackness. Table III gives exposure data 
for photothermometry. 

Interferometer measurement of temperature 

The “heat waves” often seen near a hot surface suggest 
a possible method of measuring temperature. Schmidt^” 
demonstrated that photographs of the atmospheric streaks 
in a temperature field nejir a hot body were susceptible of 
quantitative measurement. Ivennjird^^ used a more sensitive 
interferometer method to investigate isothermal pafvterns, 
to calculate convective heat transfer and to investigate how 
closely film theory agreed with experiment. 

The Mach interferometer used by Kennard is represented 
in Fig. 131, where JI is the test body (plate or cylinder) of length 
L, A A is the plane in which the fringes were brought to virtual 
focus, and jP is a filter which transmits only the green mercury 
light. T is a shielded thermocouple. 

The method of measuring temperature from friiiig(^ sldfl, 
can be indicated with the aid of Fig. 13S. L<‘t A and B be; 
two adjacent fringes formed by monochromati(‘ light ]>a.ssing 
through the column of air adjacent to the heated siirbun^ //. 
The shift of one fringe at P relative to Q imlicailcs llnit thcix' 
is one less light wave in the path through P tliaii lliere would 

® Agfa 700, 800 and 850 plates, {The numbers indicate the wavelength of maxiinn m 
sensitivity in inillimierons, == cm.) Eastman R, P, M, Q and Z plates. 

“E. Schmidt, Forsch. Gebiete ingenieuno., A3, 181 (11)8:^). 

R. B. Kennard, Bur. Standards J. Research, 8, 787 (198^). 
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be if the temperature of P were the same as at Q. The 
temperature of the air is obtained from its density which is 



Fiq. 131. — Interferometer for temperature measurement. 
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where n is the index of refraction, p the density, and C is a 
constant. For an index of refraction of the order of 1.0003 
this reduces approximately to 


^ - 1 = HCp. (5) 

If, under one set of conditions, Ni and ni are the number 
of light waves over a given path, and the index of refraction, 
respectively, and No and are the same quantities for a 
second set of conditions, 

and Wo = ^ (6) 

where No is the number of light waves in the same path in 
a vacuum. 

If L is the length of path under consideration, which 
is the length of tlie heiited surface Lo plus a small end cor- 
rection AL, and if Xo is the wavelength in vacuum of the 
light used, 


From Eq. 5 the change of index of refraction for a given 
change in density is 

ni - Wo - HCipi ~ P 2 ) (S) 


Inserting the values given in Eq. 6 and 7 and rearranging 
yields ' 



If the change in density is caused by a change in temperature 
only 


Pi " T, 


(10) 


whence 


iVi = iV, = (fti ^ 1) 

Ao i 2 


( 11 ) 
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Since in the interferometer the change in number of 
light waves in a given path is equal to the fringe displace- 
ment, Eq. 11 gives the fringe displacement as measured in 
fringe widths that takes place when the temperature is 
changed from Ti to T^. Letting Tx and ih be the temperature 
and index of refraction of room air, Eq. 11 may be solved 



Fig. 1.-53. — Fringt'.s about horizontal heated cylinders. 


explicitly for the temperature rise above the air of the room 
giving 

AiV 

( 12 ) 

(ni-l)~ - AN 

Ao 

The quantity {ui — 1) is given in the Internatiomd 
Critical Tables for standard conditions and may be calculated 
for any conditions by using the gas laws, making proi^er 
correction for humidity. 

Figure 133 is a photograph of the interference fringe pat- 
tern observed in the air near two horizontal heated cylinders of 
diameters 1,27 cm. and 5 mm. respectively. Figure 134 shows 
the isothernials for free convection calculated from the fringe 
pattern. In practical problems heating surfaces are often 
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I' 



Fig. ;1S5,~-Friages about parallel, vortical heated plate.s. 
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in the form of parallel plates. Figure 135 shows the inter- 
ference fringes about the lower portion of two vertical parallel 
plates, size 11 cm. wide and 21.4 cm. high, separated by 0.67 
cm. Such a pattern can be used to measure heat flux. 

Summary 

Experience in measuring gas temperatures emphasizes 
the necessity of securing thermal equilibrium between 
pjj'rometer and gas. Accuracy is enhanced by providing- 
adequate convection, by preventing or compensating for 
radiation losses and by using a pyrometer only under the 
conditions for which it has been calibrated. The spectral 
line reversal method uses Kirchhoff’s law to measure the 
temperature of luminous and non-luininous flames, being 
applicable in particular to the study of internal combustion 
engine temperatures. Fyrometric cones indicate heat treat- 
ment, in which factors other than temperature must be con- 
sidered. Thermocolors provide visual indication of surface 
temperatures, chiefly valuable in warning of overheating. 
Photothermometry, based on laws of radiation and photog- 
raphy, permits rapid determination of temperature and 
isothermais over extended surfaces. Another photographic 
method uses an interferometer to measure temperature in 
terms of refractive index, being useful in designing radiating 
surfaces for optimum heat transfer. 
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Extreme Temperatures 

Low Temperatures 

Introduction 

The existence of a theoretical lower limit to temperature 
is a challenge to produce successively lower temperatures 
in the laboratory. Progress toward the absolute zero is not 
merely directed to the creation of new records but to actual 
study of effects associated with energy changes of such 
magnitude that only in this region, can they be observed. 
Herein lies the importance of being able to attain, in the 
laboratory a temperature of O.OOS4°K., lower even than the 
temperature (about S°Iv.) of interstellar space. 

Processes used to produce cooling are: (1) solution of 
salts, acids or gases in water or ice; (2) evaporation of a 
liquid; (3) adiabatic expansion of a gas with perforuitMice of 
external work; (4) controlled expansion of a gas utilizing the 
Joul e-Thomson effect; (5) adsorption; and (6) adiabaik: 
demagnetization. 

Pigure 13C represents the behavior of a freezing solution. 
When salt comes in contact with ice in an excessive^ fjuaiility 
it forms a solution which in turn dissolves more ice. If tlie 
mixture is thermally insulated the heat required to lra,n.sf()rm 
the ice comes from the internal energy of the inixlure itself, 
lowering its temperature. This action continues until point 
E, the eutectic, is reached. 

If a liquid is thermally insulated and allowed to evaporate, 
the required latent heat of evaporation is siqiplied by the 
liquid itself and its temperature is reduced. If the vajior is 
carried away, more liquid evaporates and its temperature 
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further decreases. By continually pumping the vapor from 
liquid helium placed in a Dewar flask a temperature as low 
as 0.7°K. is reached. 

Liquefaction of gases; thermodynamics 

Andrews showed in 186S that it is possible to liquefy a 
gas only if the pressure exceeds a critical value ■]>« and the 
temperature is below a critical value Tc. The critical con- 
stants ]?e and Tc are properties of the gas. Their numerical 



Fig. X3(). — Equilibrium diagram for ice and ammonium snlpbate. 

values may be calculated if the equation of state is known. 
Assuming that Van der Waal’s equation is applicable, 

(?> + (*> - b) ^RT 

the critical constants may be obtained by equating (Bv and 

/g^,2 /,ero, 

T __ 8a _ la 

If gas molecules, instead of being enclosed in a vessel with 
fixed walls, are reflected from, say, a receding piston, their 
velocities are lowered and the temperature of the gas falls. 
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By this method temperature is reduced by the conversion of 
heat into external work. A second method of cooling a gas 
is to allow it to expand, i.e., allow the molecules to recede 
from each other. If there is appreciable mutual attraction 
it will tend to reduce their speed as they move apart, lowering 
the temperature. This is the Joule-Thomson effect. 

Adiabatic expansion of a gas from pi to po can produce 
external work M pdv, reducing the energy of the gas by 
an equal amount. If u is the energy per unit mass 

-du= (1) 

but (8u/8T)v = C„ the specific heat at constant volume, 
and the second law provides 


\dvjr \8f/. 




For a perfect gas this becomes dT 

T(y „ Qj. 

2V"W 


This represents the method used by Cailletet to liquefy air, 
hydrogen, etc., and is the basis of the Claude and Ileylandl 
methods of liquefying air. 

The J onle-Thomson effect produces a change in temperature 
in a current of gas when it expands adiabatically throngli. a 
porous plug against constant external pressure. Tin?! ga.s 
loses energy during its passage through the plug (Fig. Hi?'). 
The total heat i = w •+■ remains constant. The change 
in entropy is given by dS = {du + pdv) /T. Also 
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When du is eliminated, 


(^J\ _ _ IJL 

\^f)i “ r J Gp 


II A ( A\ 

C^df\T)^ 


(3) 


Eq. 3 is for the Differential Joiile-Thomson effect. The 
integral Joule-Thonison effect is given by 



Eor a given pressure there exists a so-called inversion 
temperature at which the Joule-Thomson effect changes 
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Fig. 137. — The porous plug experinicut. 


sign. Thus if a gas is allowed to expand under suitable condi- 
tions it can perform external work and produce the desired 
cooling. 

Liquefaction of gases: experimental technic 

Carl von Linde first liquefied air on a commercial scale 
(1896) using heat exchangers and the Joule-Thomson effect. 
Such a process is represented schematically by Fig. 138. Air 
enters / at a pressure of 1 atm. Bust and carbon dioxide 
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arc removed at W. The air is compressed to 200 atm. at C, 
from where it passes through drying tube D into chamber A 
surrounded by ammonia freezing mixture where it is cooled 
to — 50°C. It then enters the heat exchanger E and passes 
the valve V where the pressure is reduced to 20-50 atm. 
A large part of the expanded air returns through E to the 
compressor, but a small part is liquefied and passes through 
tap Ti into li. Liquid air from R can be removed by tap 



air liqiiefier. 


T-i, while air evaporating in R passes through E and into 
the atmosphere at 0. In operation only sufficient air to 
replace the licjuid removed enters at /. 

In the type of plant used by Claude {ind Ileylandt (Fig. 
180) purified air enters C where it is Goni})ressed to 200 aim. 
After ])assmg through dryer D, the current branches. Ihu'i. 
goes into engine A where it performs work, expands to 1 atm. 
and is cooled, and then passes through, heat exchanger Lb, 
The other })art goes through Ei where it is cooled and then 
is expanded to 1 atm. at valve V. Some of the air is li(|u<ifie<l 
upon expansion and remains in R, The rest passes tlirough 
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exchanger Ei and escapes into the atmosphere. About 
25 % of the air compressed is liquefied. 

Eor the liquefaction of hydrogen and helium, the adiabatic 
expansion method, used by Olszewski to liquefy hydrogen 
(1895) and by Simon to liquefy helium (19SS), is convenient 
only for obtaining small quantities. High pressures and pre- 
cooling with evaporating nitrogen or hydrogen are necessary. 

The method of allowing the gas to expand while doing 
internal work (Joule-Thomson effect), used by Dewar to 
liquefy hydrogen (1898) was the only method used for large- 
scale production of liquid hydrogen and helium until 1934. 
The method was improved by Onnes, Lilienfeld and Meissner 
who introduced safety devices to minimize the danger of 
explosion always present when working with large quantities 
of hydrogen. Since helium approximates an ideal gas its 
Joule-Thomson effect is small, and the liquefaction process 
has a low efficiency, only about 1% that of the adiabatic 
method. 

The great advantage of liquefying gases by making them 
do work on a mechanical system has long been recognized. 
Claude used an expansion engine of the reciprocating piston 
type successfully to liquefy air, but due to the difficulty of 
lubrication the method cannot readily be applied to hydrogen 
or helium, 

Kapitza constructed an expansion engine^ in which the 
piston required no lubrication. The piston is loosely-fitted 
in the cylinder with a definite clearance (0.05 mm.) and is 
])rovided with tiny circular grooves on its circumfei'ence to 
e((ualize the gas pressure in the gap. Turbulent flow of 
gas through the gap between cylinder and piston furnishes 
lubrication. The loss throxigh leakage is only a few per cent, 
since the piston is aminged to move very rapidly on. the 
expanding stroke. The cooled gas obtained by this adiabatic 
expansion is then allowed to cool a portion of the incoming 

^ .P, Kapitza, Proc. Roy. Soc. {London), 147, 189 (1934); Nature, 133, 208 (1934). 
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gas as in Claude’s apparatus. The compressed gas becomes 
cooled and during the final stage it is allowed to undergo 
Joule-Thomson expansion, as in Heylandt’s 
method, and becomes liquefied, H 

The expa,nsion engine employed by Kapitza, 
with its hydraulic device for securing quick 
expansion and slow coinj^ression, is shown in Fig. 

140. The expansion machine E is connected by 
rod 1 to the hydraulic press H. The high pres- 
sure gas enters the cylinder past the ball valve 2 
and expands adiabatically, pushing forward the 
pistons 3 and 4, The gas transforms its internal ^ 
energy into kinetic energy of the water which is 
expelled from orifice 5. The backward stroke is 
caused by water gradually filling H. The valves 
are actuated by electromagnets. Since rod 1 has 
the same diameter as piston 3, the expansion 
stroke c.an be very rapid and yet 
preserve a smooth flow of cooled uo- 

hydrogen or helium from 0 to the 

. ■ , etiguic. 

heat exchanger. 

dlie arrangement of the liquid circulation 
is indicated in Fig. 141, where tubes are repre- 
sented by lines. Compressed helium enters 
tube 1, passes through the heat exchanger /I 
and then is cooled to (55° K. b,y ].)assing around 
a ring-shaped vessel N containing liquid nitro- 
gen boiling at reduced pressure. It passes 
through heat exchanger B to the expansion 
engine E where it cools by adiabatic expansion. 
It then goes through the heat exchanger CBA 
and ® to the compressor. Alter a few cycles 
the temperature falls considerably and the 
throttle valves 6 and 4 are oi>encul. The gas 
experiences a. Joule-Thomson expansion at (5, passes through 
the heat exchanger CD and suflei's another Joule-Thomson 



Fio. 14. 1.™ 
Cooling circuit for 
liquefying Iieliiun. 
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expansion at 4 and liquefies in 5. Helium gas from 5 passes 
through heat exchanger DCB to 2. 

The starting time of the liquefier is I ji hr., and the output 
is 2 liter /hr. using 1}^ liters of liquid nitrogen to produce 
1 liter of liquid helium. 

Kapitza^ has recently investigated the thermodynamic 
conditions under which liquefaction at low pressure (5-6 atm.) 

is possible. This can be ac- 
complished, for air, by the 
use of an expansion turbine, 
whose efl&ciency is improved 
by making use of centrifugal 
forces. On these principles 
he has constructed an air 
liquefier whose efficiency is 
83 %. It has a short starting 
period (18-20 min.) and an 
output of 30 kg. of liquid air 
per hour. 

The turbine is illustrated 
in Fig. 142 which shows the 
shape of the nozzles 1 and 
of the rotor blades 2. The 
rotor is made of monel, has 
a diameter of 8 cm. and is normally run at 41,000 r.p.m. To 
prevent air flowing past the blades, two labyrinth glands 4, 
with a clearance of 0.15 mm., are provided. 

Figure 143 shows the general aiTangement of the installa- 
tion. Air is admitted through the filter 1 to the compressor 2 
where it is compressed to 6-7 atm. The flow of compressed 
air passes through the water cooler 3, the oil purifier 4, and 
enters the valve system 5 of the regenerators 6. The slide 
valve is actuated by electromagnets, reversing its stroke 
every 25-27 sec. Passing valves 7, the flow of compressed air 
divides. The main bulk of air, after passing a filter and a 



2 1\ Kapit,za, J. Fki/aics (USSR), 1, 7 (1939). 
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temperature equalizer 8, enters expansion turbine 9, where it 
expands and then returns through condenser 10 into the other 
exchanger and. escapes into the atmosphere. Work produced 
on the turbine is absorbed by a water brake at the rate of 4 kw. 
The remaining flow of compressed air is delivered through the 
check valve 11 to the condenser 10 where it liquifies. The 
liquid air is drawn off into container 13, from which it 
may be removed through tap 14. 



t’lG. US. — [jiquid air plant using turbine expansion engine. 


Absorption and desorption 

In Simon’s process helium comes in contact with an 
absorbent substance, such as charcoal or chabazite, at the 
temperature of liquid hydrogen. The heat of absorption 
of helium is removed by a liquid hydrogen bath. The system 
is then thermally isolated and the helium pumped off the 
absorbing surface. Desorption cools the helium below its 
critical temperature and expansion results in its liquefaction. 

Adiabatic demagnetization 

The lowest temperature reached by decreasing the pres- 
sure over liquid helium is about 0.7°K. A totally different 
method, originally suggested by Debye and Giaque,^ has 

P. Debye, Aim. Physik, 81, 1154 (1926). 
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resulted in the attainment of a new temperature region. 
The entropy of a substance is a measure of its state of dis- 
order. A group of molecules at rest in an accurate space- 
lattice would be in a state of complete order, that is, its 
entropy would be zero. If the molecules acquire motion 
the entropy increases. Paramagnetic salts contain atoms 
which behave like small magnets. If an external field is 
applied the axes of the magnets will tend to be aligned. The 
entropy due to their positional disorder will therefore decrease. 
Hence, if the substance is thermally insulated the entropy of 
their thermal motions must increase, that is heat will be 
developed. If this heat is removed, say, by placing the sub- 
stance in contact with liquid helium, and the substance is 
then again thermally insulated, it is clear that one can cool 
the substance by reversing the process. For when the exter- 
nal magnetic field is removed, the axes of the atomic magnets 
will tend, under the influence of thermal agitation, to resume 
their disordered condition. The positional entropy will 
increase at the expense of the entropy of agitation and the 
temperature will decrease. 

One might assume that to secure good results with the 
adiabatic demagnetization method: (1) The elementary 
magnets should not exert a directing influence on each other, 
i.e., the substance should not be ferromagnetic. (S) The 
elementary magnets should have moments as large as possible, 
subject to the previous restriction. (3) The effect should be 
greatest at low temperature since there the entropy associated 
with magnetization is an appreciable part of the total entropy, 
and also the order is greatly increased. 

During the adiabatic demagnetization the entropy is 
constant and the pressure is constant (a vacuum). Hence 



dH + 




{dS/dH\,r 

{dS/dT)^,^ 


dH 
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Since the process is reversible dS = dQ/T. The quantity of 
heat dQ added to the substance is dU + 'pdV + EVxdli, 
where U is the internal energy, V the mol volume and % tbe 
susceptibility per cm.® Writing J = T -f pV, 

dQ dJ - Vd'p + H VxdH 

f ~ ' r 


dS 


hence 


Cp,B 

T 


f^\ _ 1 f^\ 

\drjp,n “ T\dT)p,, 

This means that Cp is also a function of H. 
a perfect differential, 

_ d\S 

dTdii " dHdf 


Since dS is 


giving 


and 




+ HVx = TH 




which leads to 


(IIL=^^bT 


iVx) 


TH 


(IT = - - 




dH 


(4) 


To make dT large, (Ex) must be large and Op, ;r small. 

Substances which obey the Curie-Langevin law x ” <'IT 
even at lowest temperatures are best suited for the magneto- 
calorific effect. In them the magnetic atoms are widely 
separated so mutual interactions are small. The same 
advantage may be secured by using compounds in which the 
magnetic atoms are diluted by the presence of other atoms. 

Results obtained by Kiirti and Simon^ using apparatus 
similar to Fig. 144 are listed in Table I and others obtained 

N. Kiirti and F. Simon, Proc. Bo?/. «Soc., 149, 152 (1935). 
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by de Haas® in Table II. Ti and Hi represent initial values of 
temperature and magnetic field strength, Tf and Ilf, respec- 
tively, their final values. The possibility of attainment of still 
lower temperatures seems to lie in the use of nuclear spins of 
metals, where the magnetic energy can be tra.nsferred between 
nuclear spin and conduction electrons in a time short enough 
to allow further application of the magnetic cooling method. 


TABLE I 


Substance 

Ti '’K. 

H oersted 

Tf °K. 

Ironammonium alum ) 

(1.23 

14,100 

0.038 

FeNH 4 (S 04 ) 2 - 12 H 20 i 

]l.2S 

(2.23 

2,900 

10,300 

0.187 

0.099 

MnSOdNI-IOaSOi-OM-LO 

1.23 

8,000 

0 . 09 

y2Gcb(S04).r8H20 

1 . 15 

5,400 

0.35 

lvCr(SO,).r lall.O . 

1.16 

24,600 

0.031 

l[MnS04(NH4);!S0.r6Ho0] 1 

20[MgSOdNH4)oSO4-6H2O] T ’ ’ ' ' 

? 

? 

0 . 05 to . 08 


TABLE II 


j 

Substance 

Hi 

oersted 

Hf 

oersted 

Ti °Jv. 

Tf °K. 

CcEri 

(27,600 ' 
] 27,600 
( 27,600 
19,500 
27,600 
19,500 

25.075 

24.075 

4,500 

2,200 

850 

200 

1.314 1 
1.314 

0.27 

.19 

Ds(C2HoSO.i)3-9HoO 

1.314 

1.314 

.13 

.12 

Ce(C.>H.r,S04)v9H.0 

850 

1.314 

.09 

K2SO4Cr2(SO.0 3-2411.0 

350 

1 .314 

. 05 

Cs2S04Ti..(S04),3-24H20 

1.0 

1.314 

.0055 

i[K2S04Cr2(S04).s-24H20] +]■ 

1.0 

1 . 92 

. 0044 

14.4[K2S0.iAl2(S04)3-24H20] ) 


Low temperatures are generally measured with helium 
thermometers. They are reduced to the thermodynamic 


^ W. J. de Haas, Ncdurio., 23, 180 (1935). 
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scale by using the principle that when a gas is used at succes- 
sively lower pressures the corresponding gas scale of tempera- 
ture approaches the thermodynamic scale. In the range from 
0.7 to 5.0°K. the vapor pressure of helium gives the tempera- 
ture, using various empirical formulas. At still lower 



Rev. Sci. InMruments, 12, 1, (IMl).] 


temperatures the vapor pressure of helium decreases exponen- 
tially, as shown in Table III,® and an alternative method of 
measuring temperature is necessary. 

The paramagnetic substances used in attaining the lowest 
temperatures may be made to indicate their own temperatures 


® W. H. Keesom, Comm. Kamerlingh Onnes Lah. Univ. Leiden, glOa (lOiJg). 
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in terms of magnetic susceptibility: IT. In Simon’s 

method, two coils are placed around the specimen, an alter- 
nating current produced in one and the other connected to a 
galvanometer. The electric circuit is so compensated that 
the galvanometer deflection varies inversely as the tempera- 
ture. De Haas uses a sensitive balance to measure the force 
on the specimen when placed in a non-homogeneous field. 

From F ~ MVxH (where M is the mol number and H 

and dll jdx are constant) and from Curie’s law, it is evident 
that the force is inversely proportional to the absolute 
temperature. 


TABLE III 

Vapor Pressure op Liquid Helium 


Deg. K. 

Mm. Hg 

4.211) 

700 

1 . 714 

10 

1 . 2S7 

1.0 

1.00 

1.5 X 10-1 

0.50 

2.5 X 10- s 

0.30 

7 X lO-io 

0,10 

8 X 10-=^^ 

0.03 

6 X 10 


The number of laboi’atories equipped to produce liquid 
hydrogen, liquid helium or both (now 15 in the United States) 
is increasing, and with it the need for a procedure simpler 
than, the direct use of a gas thermometer for measuring low 
temperatures. The international temperature scale is not 
defined below 83°K. (--190°C.). There is no satisfactory 
simple formula relating the resistance of platinum and the 
temperature in this region. However, tables have been 
published’^ extending the useful range of the platinum resist- 
ance thermometer from 85°K. to 14°K. 

The temperature coefficient of resistance of most metals 
approaches zero in the liquid helium region. Many experi- 


^ H. J. Hoge and F. G. Brickwedde, J. Research Nat. Bur. Standardst 22, S51 (1939), 
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meiits in search of substances suitable for resistance measure- 
ments at lower temperature have suggested the use of an 
alloy of 5% lead in silver for the range from 7° to 
and unannealed phosphor-bronze for the range from 4.2° 
to 

High Temperatures 

Introduction 

There is no generally accepted upper limit to temperature. 
Various limiting values of the order of have been 

suggested^® on theoretical grounds, based on assumptions of 
questionable validity. The attainment of high temperatures 
for useful purposes is limited by the materials available for 
construction and the difficulty of securing a controlled, 
uniform temperature. The temperature in industrial metal- 
lurgical processes seldom exceeds 1700°C., while 3000°C. is the 
highest temperature commonly used in the laboratory. 

Refractory materials 

There is a progressive failure of all materials of construc- 
tion at high, temperature by (1) decomposition or alteration, 
(2) oxidation, (3) fracture of flow, or (4) fusion. Asbestos 
disintegrates by loss of water with the formation of powdery 
silicate of magnesia. Vitreous silica crystalizes at 1200°<h 
and higher to become powdery white cristobalite. Oxidation 
of metals is avoided by use of a protecting atmosphere of 
hydrogen, nitrogen or helium, or by the use of iron-niekei- 
chromium alloys and such high temperature metals as tung- 
sten and molybdenum. Silicon carbide is the only common 
refractory material which fails by oxidation, rather than by 
fusion. Fracture is important in large industrial apparatus, 


“ J. D. Babbit aud K. Mendelssohn, P/«7. Mag. (7), 20, 1025 (1934). 

® W. II Kecsorn and J. N. Van Den Ende, Comm.. Kamerlingh Onnes Lab. Utiiv. 
Leiden, 203c (1929). 

“ G. I. Pokrovskii, Z. Physik, 51, 730 (1928). 

B. PtacGc, Ghem. Ohzor., 14, 129 (1939). 
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while for laboratory apparatus slow flow or shrinkage is 
usually more bothersome. This is due to the objectionable 
practice of adding plastic clay to some refractory materials. 
At the eutectic temperature (1545°G. for the eutectic between 
mullite and cristobalite) a small amount of liquid is produced 
with consequent flow or shrinkage. 




Fig, 145. — Temperature comparison chart. [T. C. Fattou, J. dlunti. Eduration, 9, 
1110 (1932).] 

In furnaces where heat is transferred to the charge from 
the exterior, the refractory walls must be subject to tempera- 
tures higher than needed for the sample. 

Chemical reactions between the refractory container 
and the sample often require special precautions, especially 
in the case of tungsten. 

Some refractory materials of commercial importance are 
listed in Table IV. Figure 145 is a comparison chart showing 
the location of the industrially-important iron-carbon and 
alumina-silica phase diagrams on a scale indicating tempera- 
tures and methods of temperature measurement. 
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TABLE IV 


Mklting Point of Some Minerals and Ceramic Products 

Material Melting point (°C.) 


Alumina brick 1750-2050 

Bauxite brick 1730-1850 

Carbon brick 2000 

Cliroine brick 1950-2200 

P'ireclay brick 1580-1880 

Magnesite brick 2200 

Mullite 1827 

Porcelain, technical 1670-1920 

Silica brick 1700-1750 

Spinel 2135 

Zircon brick 2200-2700 


Combustion furnaces 

Temperatures attainable with various common flames, 
for combustion in either air or oxygen are listed in Table V. 
A burner for the combustion of oil in oxygen provides a 


TABLE V 

Temperatures Furnished by Various Flames^^ 


Combustion in air 


Gas 


Dissocia- 
tion of 


HaO CaO 


fC. 


Combustion 
in oxygen 
t°C. 


City gas + O.aOn 

City gas + (i.50« with pre-heating of 


1840 


2800 


air to 1 000°C , 

Ih + HO, 

CO + MOo 

CH4 + 2O2 

C4H10 6.5O2. 

C2H2 “f" D2 


07 

03 


01 


04 


28 


15 

10 

19 


2200 


2000 

2700 

2025 

2720 

1850 

2850 

1900 

2900 

2050 

3100 


G. Riband, Chaleur et ind., 35, 3 (1936). 
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temperature of ^600°C. The Langmuir atomic-hydrogen 
flame provides a temperature of 3800°C. It is strongly 
reducing, an advantage when melting tungsten or molyb- 
denum. Molecular hydrogen is circulated around the tung- 
sten electrode of an electric arc where it is dissociated. 
Recombination occurs in the flame with the evolution of 
heat. Combustion furnaces are designed to direct the flame 
on the sample when possible to minimize heat losses. Com- 
bustion furnaces generally do not have the ease of control of 
electric furnaces. 

Electric resistance furnaces 

(a) Carbon granule furnaces utilize the heating effect 
of a current conducted between two electrodes through 
pulverized carbon placed around the specimen. Above 
1750°C. the carbon reacts appreciably with tlie protecting 
tube. Uniformity of temperature is poor, since the current 
tends to follow the path of least resistance which is the region 
of highest temperature. In similar furnaces the substance 
to be heated is in powdered or liquid form and is itself the 
conductor of the heating current. 

{h) Wire wound furnaces commonly have nichrome resis- 
tors for use up to 1100°C. or platinum for temperatures up to 
1400°C. Heat transfer is facilitated by the use of large 
(1-3 mm. diameter) wire wound on the inside of a magnesia, 
cylinder. Reaction occurs between the heating wire ami 
its refractory support (above 2000°C. for tungsten or molyb- 
denum). Using self-supporting spirals of molybdenum or 
tungsten one can attain temperatures of 2300° and 2800 °( 1 . 
respectively. Such a furnace is easily constructed and has 
a long life if the heater is in a reducing or neutral atmosphere. 
If an oxidizing atmosphere is needed for the sample the heating 
coil is wound on the outer surface of a refractory shell which 
is a good conductor, such as alundum. The furnace cannot 
be used above 2000° C. without the refractory tube becoming 
suflSciently permeable to gas to damage the heater. 
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(c) Tubular furnaces are efficient for heating small 
volumes. The conducting tube may be made of platinum, 
iridium, molybdenum or tungsten. This type is sturdy, but 
requires large current owing to its low resistance. Tubes 
of the Nernst type (Zr-^Os 85%, TigOs 15%) have higher 
resistivity and are convenient for use at 2300°C. 

There are various modified designs of tubular furnaces. 
One consists of rods laid parallel to the axis of the tube and 



Co., Globar Dimsion.) 

welded at their ends. Another is a graphite tube in which a 
helix has been cut to increase its resistance. The latter 
type attains 3000“G. in air, and can be used equally well 
in a vacuum where its useful temperature is limited by the 
evaporation of carbon to 2400-^800° C. 

(d) Rodftirnaces use resistance rods of recrystalized silicon 
carbide which radiate directly into the volume to be heated. 
The elements have a negative temperature coefficient of 
resistivity up to about 450°C., and a positive coefficient 
at higher temperature. Other performance characteristics 
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are illustrated by Fig, 146. It shows, for example, that 
since the resistance of the elements increases with time a 



g SILICON CARBIDE HEARTH 

Fig. 147. — Laboi’atory furnace with SiC heating elements. 


furnace requiring 15 kw. to operate it must have elements 
having an initial power capacity of 27.5 kw. to obtain about 
1000 hr. of service from them. 
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Such elements are used for furnace temperatures up to 
1500 °C. Since the heat is radiated from a small surface 
care must be used in designing the furnace to secure uni- 
formity of temperature. Figure 147 shows the construction 
of a furnace for general laboratory use. 

(e) ^4rc fw'naces are most convenient for concentrating a 
large amount of heat in a small volume, permitting heating 
operations of short duration, an advantage for volatile 
substances. Temperatures up to 3000°C. may easily be 
maintained in an industrial furnace by the use of one or more 
arcs. The temperature of the arc itself varies from 3400° 
to 4000°C., depending on current density, atmospheric 
pressure and the land of electrode. The furnace atmosphere 
may be varied from oxidizing to reducing. Industrial arc 
furnaces are used in preparation of calcium carbide and steel, 
while in the laboratory they are used for fusing oxides of 
manganese, zirconium and thorium. Arc furnaces are not 
susceptible of precise control. 

Furnaces without an auxilHary heating substance 

(a) The high frequency induction furnace consists of a 
solenoid producing an alternating magnetic field which can 
develop, by induction, a current in a conducting substance of 
any shape placed inside of it. The uniformity of temperature 
is best when the sample is a liquid metal, since it is then 
stirred electromagnetically. Uniformity is poorest when 
the sample is a solid of low thermal conductivity. Electrical 
non-conductors (refractory oxides) are surrounded with a 
conducting cylinder of tungsten or graphite and hented 
indirectly. Induction furnace temperatures are not limited 
by the characteristics of refractory materials. With a,ti 
induction furnace conditions of high purity are attainable. 

The alternating field needed for an induction furnace 
is produced by (1) a mercury arc with a condenser in parallel, 
(2) a rotary converter, (3) electron tubes. Figure 148 illus- 
trates schematically an induction furnace. The secondary 
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of transformer provides a high voltage which is interrupted 
at high frequency by the rotating spark gap E, producing a, 
high-frequency alternating magnetic field in coil F. The 
furnace coil is water-cooled. Smooth control of heating is 
obtained through an induction regulator L and the various 
taps on transformer Ti. 



Fig. 148. — H.F. iiuliietion furnace. 


(6) Cathode ray Jimiaces employ electron bombardment 
of the sample to produce heating. Since they operate only 
in a vacuum they are essentially laboratoi’y apparatus. 

(c) Concentrated radiation furnacefi use mirrors to focus 
radiation on the specimen. By this method (Fig. 149) a 



nace with parabolic mirror. 

carbon arc may be used without contaminating the sample. 
In the furnace developed by Straubel, solar radiation (about 
1 kw. m.“® at the earth’s surface) is concentrated by a heliostat 
and mirrors about 3 m. in diameter, k small tungsten 
cylinder placed at R, Fig. 150 is brought to 3000° in min. 
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Since the maximum energy of the sun’s spectrum lies just 
below 1/x it can be transmitted through walls of vitreous 
silica into an evacuated chamber without heating the walls. 
Rapid heating, conditions of purity, and, for some experi- 
ments, the absence of electric and magnetic fields are the 
advantages of the sun furnace. Its obvious disadvantages 
are cumbersome dimensions and an unreliable source of 
heat. 

Very high ternperatures are produced by electrically 
“exploding” a wire, by the discharge from a condenser. 
The extreme temperature is produced only momentarily. 
So far the temperature of the exploding wire, originally 
thought to be as high as S0,000°K., has not been accurately 
determined. 

Summary 

Extreme low temperatures are needed to provide informa- 
tion about energy transformations useful in the study of 
thermodynamics and atomic structure. They are also used 
in the production and purification by fractionation of indus- 
trially important gases. Low temperatitres are obtained 
practically by processes utilizing (1) adiabatic expansion of a, 
gas with performance of mechanical work, (!^) controlled 
expansion of a gas utilizing the Joule-Thomson effect, and 
(S) adiabatic demagnetization. Temperatures are measured 
by resistance thermometers to 14°K., by helium thermometers 
as low as ().7°K. and in terms of paramagnetic susceptibilities 
to yet lower limits. 

High temperatures are necessary in the preparation 
and in controlling the properties of metallurgical and ceramic 
materials. The useful temperatures attained by flames, 
electric resistance electric arc and radiation furnaces arc 
limited chiefly by the refractory materials available and the 
uniformity and control -required. Optical pyrometer meas- 
urements based on the radiation laws are possible to the 
highest attainable temperatures. 
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CHAPTER XV 


The International Temperature Scale 
Scale Adopted in 1927, 1933 

Introduction 

The Kelvin scale is recognized as the fundamental scale 
to which all temperatures should ultimately be referable. 
There is considerable experimental difficulty in the measure- 
ment of temperature on any thermodynamic scale. This 
led to the adoption in 1927 by the Seventh General Con- 
ference of Weights and Measures, representing fil nations, 
of a practical scale which was designated the international 
temperature scale. ^ This scale agreed with the thermo- 
dynamic centigrade scale as closely as possible for the 
knowledge then available. It specified (i) the values for 
the fixed temx>eratures at which instruments are to be cali- 
brated, (ii) the tyi^es of instruments to be used in realizing 
the scale, (iii) the equations to be used for interpolating <)r 
extra};)olating from fixed x^oints, and (iv) the experinnmtal 
XDrocedures recommended. 

When a temxjerature t on the international temx3erature 
scale is expressed on the Kelvin scale, the relation T = T{) 

is used. Tq, the temperature of the normal freezing point of 
water, is found by experiment to be apin'oxiniately 27JCK, 
Temx)eratures expressed on the international temx3era,ture 
scale are ordinarily designated “°C.,” but may be designat<‘d 
“°C. (int. 1927)” whenever necessary to avoid ambiguity. 

Fixed points 

The scale is based upon a number of rex^roducible equilib- 
rium temperatures or fixed points to which numerical values 


1 G. K. BuTLfess. Bur. Standards J. Research 1. 03.5 fioas). 
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are assigned. The basic fixed points are given in Table I 
for a pressure of one standard atmosphere, together with 
formulas which represent the temperature tp as a function 
of the vapor pressure p over the range from 680 to 780 mm. of 
mercuiy. 

The international temperature scale is important because 
it provides a definite, reproducible way of measuring and 
designating temperatures. It is not primarily concerned 
with the ‘Correctness” of the temperatures so measured. 

TABLE I 

Basic Fixed Points 

(For a pressure of 1.01325 X 10® dynes/cm. which corresponds to a 
barometric height of 760 mm. at 0°C. for g = 980.(565 cm./sec.'O 


°C. 

Temperature of equilibrium between liquid and ga.scons oxygen 

(oxygen point) “182.97 

tp = hm + (5.012(>(p - 760) - 0,00000(55(2) “ 7(50)'^ 
Temperature of equilibrium between ice and air-.saturated 

water (ice point) 0 . 000 

Temperature of equilibrium between li<iuid water and its vapor 

(steam point) 100.00 

tp = <760 + 0.03(57(2) - 760) - 0.000023(2> 760)‘'> 

Temperature of equilibrium between liquid sulphur and its 

vapor (sulphur point) . 444 . 60 

tp = ^760 + 0.0909(2) “ 760) - 0.000048(2) - 760)* 
Temperature of equilibrium between solid .silver and liquid 

silver (silver xioint) 960 . 5 

Temperature of equilibrium between solid gold and liquid gold 

(gold point) 1 06.3 . 


Interpolation 

The means available for interpolation lead to a division 
of the scale into four parts. 

(«) From 0° to 660° C. the temperature ^ is defined by the 
formula 

lit ~ jKo(1 At +■ FF) (1) 

where Rt is the resistance, at temperature t, of a platinum 
resistor, between the branch points formed by the junctions 
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of the current and potential leads of a standard resistance 
thermometer. The constants Ro, A and B are calculated 
from measured values of Rt at the ice, steam and sulphur 
points. For a standard resistance thermometer the ratio 
Rioq/Rq shall not be less than 1:390 and Riu.cjRo shall not 
be less than 2.645. 

(6) From —19(f to (fC. the temperature t is defined by the 
formula 

Rp = i?76o{l A- At -F BF + ~ (2) 

where the constant C is calculated from the measured value of 
Rt at the oxygen point after Rq, A and B have been deter- 
mined as in (a). A standard thermometer for use below 
0°C. must in addition satisfy the requirement IRo 

^ 0.250. 

(c) Fiwn 660° to 1063° C. the temperature t is defined by 
the formula 

e = a T ht + cF (3) 

where e is the e.ni.f. of a standard Pt-90Ftl0Rh thermocouple 
when one junction is at O'^C. and the other is at temperature t. 
The constants a, h and c are determined by calibration at 
the antimony, silver and gold points. The freezing point 
of the antimony employed is determined by use of a standard 
resistance thermometer. The platinum of a standard ther- 
mocouple shall be of such purity that iiioo/Ro ^ 1.390, 

{(T) Above 1063°(I the temperature t is defined by the 
formula 

“ X [l336 ~ '{t + 273)] 

where \ is some wavelength, in cm., of the visible spectrum 
and Jt is the radiant energy (of wavelength X) per unit wave- 
length interval, emitted per unjtftime by unit area of a black- 
body at temperature t. The |M|tant Ci is taken as 1.432 cm. 
deg. Eq. 4 is valid if + a»Kis less than 0.3 cm. deg. 
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Secondary points 

111 addition to the basic fixed points, the temperatures 
of a number of other points are available and may be used 
in the calibration of secondary temperature measuring 
TABLE II 
Secondary Points 



°C. 


Int. 1927 

Int. 1939, 
proposed 

Temperature of equilibrium between solid carbon 
dioxide and its vapor 

-78.5 

-78.51 

tp ^ trm + 0.144S(^,, + 273.2) log (1927) 

t, = + 15.M (" ■) - n (' -Jiiuj, -) (1030) 

Temperature of freezing mercury 

-38.87 

-38.80 

Temperature of transition of sodium sulphate 

32.38 

32.38 


Temperature of condensing naphthalene vapor 

217.90 

217.96 

ip = tr&o + O.mSitp + 273.2) log (1927) 

- «... + 58,4 (' 1000 ) - 33 (" ^0^0 ) 

Temperature of freezing tin 

231.83 

231.85 

Temperature of condensing benzophenone vapor. . . . 

^ 305 . 9 

305.9 

tp = hm + 0.194(^,. + 273.2) log (1927) 

(, - (7.0 + 04,3 [f jooo ) - 37 (" ) (1030) 

Temperature of freezing cadmium , 

320 . 9 

320 . 9 

Temperature of freezing lead 

327.3 

' 327.3 ' 

Temi)crature of freezing zinc. . . 

419.45 

419.5 

Temperature of freezing antimony 

030 . 5 

030.5 

Temperature of freezing copper in a reducing atm. . . 

1083. 

1083.1 

Temperature of freezing nickel. 


1453.5 

Temperature of freezing palladium. ... ............ 

1555, 

1552 

Temperature of freezing platinum. . . .............. I 

Temperature of freezing iridium. 


1770 

244(> 

Temperature of melting tungsten j 

■3400' ■' 

3390 
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instruments. These points and their temperatures on the 
international scale are listed in Table II. The temperatures 
given correspond to a pressure of one standard atmosphere. 
The formulas for the variation of equilibrium temperature 
with pressure are valid for the range from 680 to 780 mm. 

Revision of the International Temperature Scale 

Introduction 

‘Tt is expected that international thermometric con- 
ferences will be called, as occasion requires, by the Inter- 
national Committee on Weights and Measures, so that this 
temperature scale may be revised as the need arises.”^ 
Minor changes in the international temperature scale were 
adopted in 1933. More extensive changes were planned in 
1939, but these did not progress beyond a report of the 
Advisory Committee on thermometry recommending their 
adoption by the International Committee on Weights and 
Measures.^ 

The Advisory Committee considered that it was inadvisable to make 
changes of a provisional nature or to change the scale appreciably at too 
frequent intervals. Hence it recommended “only the modifications judged 
strictly necessary under present conditions, or which could be considere<l a,s 
iinprovementH in technic which did not affect the basis of the scale.” 'the 
Committee enumerated the following questions which remain to be studied 
in anticipation of an eventual general revision of the international tem- 
perature scale; 

(1) Definition of the fundamental interval of the scale. 

(ij) Substitution of the triple point of water for the melting point of ice. 

(3) Eeplacemcnt of the thermocouple by the platinum resistanc.e 
thermometer in the region 6.30,5 to 1063°C. 

(4) lie vision of the value of the constant C 2 . It was recognized that 
the value 1.436 cm. deg. is probably more exact than the value 1.43li. 


® “Premier rapport du Comit6 Consultatif de Thermom6trie au Comite Interna- 
tional des Poids et Mesures,” Prods Verhavx du Bureau International da Pauls vl 
Mesiercs \quQUd from galley proofs]. 

Nature; 145, 5S)7 (1040). 
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Since in the temperature range now covered by the international tempera- 
ture scale the difference introduced by, this modification of the constant 
does not exceed the uncertainty of determinations of temperature, it seemed 
preferable to defer any change until additional experimental evidence is 
available for the true value of Cg. 

Fixed points 

The scale proposed in 1939 defines the vahies of the 
fundamental fixed points as the same as those in Table I. 
The secondary fixed points recommended are listed in Table 
II. The Kelvin temperature of the ice point, not defined in 
1927, is taken as 273.15 + .02°K. 

Interpolation 

(a) From the ice point to the antimony point (0 to 
630.5®C.) the temperature t is defined by Eq. 1, applied to a 
platinum resistance thermometer for which Hioq/Ro ^ 1.391 
and 7^444. (5 //^o ^ ^.347, 

(b) From --190°C. to the ice point the temperature t is 
defined by E(|. 2, applied to a platinum thermometer which 
satisfies the conditions of (a) and in addition has iii 82 . 97 /I?o 
X 0.247. 

(c) From the antimony point to the gold point (630.5 to 
10(>3°C.) the temperature t is defined by Eq. 3, applied to a 
standard Pt-90Ptl0llh thermocouple. The platinum of the 
couple shall be of such purity that iiioo//fo ^ 1.1391. The 
couple shall develop an e.m.f. of between 10,200 and 10,400 
microvolts with its junctions respectively at the ice and gold 
points. 

(d) Above the gold point (1063.0°G.) the temperature I 
is defined by the formula 

Jf _ gl336.f5°X„ I 

gCF+273.15‘’)X _ I 

in which Cg has the value 1.432 cm. deg. 


( 5 ) 
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Recommended Experimental Procedure 
and Supplementary Information 

The eqiiiiibriuni temperature between a liquid and its 
vapor varies markedly with pressure. Formulas representing 
the relation between pressure and equilibrium temperature 
are available. Since these formulas are not exact, it is 
desirable that when calibrating instruments at fixed points 
the equilibrium temperature realized experimentally approxi- 
mate the one defined in Table I. 

The oxygen 'point is best realized experimentally by the 
static method. The standard resistance thermometer and 
the free surface of the liquid oxygen in its container are 
brought to the same temperature in a suitable cryostat such 
as a well-stirred bath, of liquid oxygen which need not be of 
high purity. The equilibrium temperature tp corresponding 
to a pressure of 'p mm. of mercury may be found to an accuracy 
of a few thousandths of a degree, over the range of 080 to 
780 mm., by means of the formula 

, ~~ 700\ , f p - 760\2 

tp - hm + l-.O j 0.5 j 

The ice 'point is readily realized in a mixture of finely 
divided ice and pure water saturated with air at a pressure 
of one standard atmosphere. The effect of an increase in 
pressure is to lower the freezing point 0.()07°C. per atmosphere. 

The .steam point is most readily realized by the dyna.mic 
method, with, the thermometer in the condensing vapor. 
If tlie pressure of the vapor is transmitted to the manomeler 
by means of a,ir, the design of the hypsometer should ta,ke 
account of the fact that the density of air is greater than tliat 
of water vapor. If pressure is transmitted by means of 
helium, a hyx)someter consisting of an insulated glass tube 
closed at the lower end and heated from below, with an ice- 
cooled condenser above and with the addition of a radiation 
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shield similar to that recommended for use in calibrations at 
the sulphur point, has been found very satisfactory. 

The equilibrium temperature tp may be found to an 
accuracy of about 0.001°C. over the range (5(U) to 8(50 mni. 
by means of either of the following formulas. The second 
is to be preferred to use outside the range mentioned. 



The stdphtir point for resistance thermometer calibration is 
realized by adherence to the following specifications relating 
to purity of sulphur, boiling point apparatus, radiation shield 
and procedure. 

The sulphur shall not contain more than 0.012 % of impui’i- 
ties. Selenium is the impurity most likely to be present in 
quantities sufficient to affect significantly the equilibrium 
temperature. 

The sulphur is contained in a tube of glass, fused silica 
or similar material, which has an internal diameter of from 
4 to G cm. The tube is long enough so the vapor column 
accommodates the radiation shield and permits the requircai 
vertical displacement of the resistance thermometer. Electric; 
heating is preferable- The source of heat iind all material 
of high thermal conductivity in contact with it should ter- 
minate at least 4 cm. below the free surface of the liquid 
sulphur, ilbove the source of heat a suitable length of tube 
is surrounded with, a heat-insulating material. Any device 
used to close the top of the tube should have an opening for 
free equalization of pressure. 

The cylindrical radiation shield may be made of graphite 
or sheet metal with blackened inner surface. It should 
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extend at least 1.5 cm. beyond each end of the platinum 
resistor. The shield is open at the bottom and has a conical 
portion at the top which fits closely to the thermometer 
protecting tube. 

In standardizing a thermometer the heating of the sulphur 
is so regulated that the line of condensation is at least 1 cm. 
above the top of the heat insulating material. The thermom- 
eter with its radiation shield is inserted into the vapor. The 
bottom of the shield should be not less than 6 cm. above the 
free surface of the liquid sulphur, and its top not less than 
% cm. below the top of the heat-insulating material surround- 
ing the container. When the line of condensation has again 
reached the required level, simultaneous readings are made 
of resistance and pressure. The thermometer should then 
be displaced vertically, by at least the length of the platinum 
coil, and its resistance should not change by more than the 
equivalent of 0.01 °C. 

The equilibrium temperature % may be found to an 
accuracy of a few thousandths of a degree, over the range 
from 660 to 860 mm., from the formula 



The silver and gold points will probably not be changed by 
more than 0.1°C. if the metallic impurities likely to be present 
do not exceed 0.01 % for silver or 0.005 % for gold. For stand- 
ardizing a thermocouple, the metal is contained in a crucible 
of pure graphite, refractoiy porcelain or . other material 
which will not contaminate it appreciably. Silver must be 
protected from access of oxygen while heated. The metal 
is heated in an electric furnace to a few degrees above its 
melting point. The thermocouple, mounted in a porcelain 
tube with porcelain insulators separating the two wires, is 
inserted in the molten metal through a hole in the center of 
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the crucible cover. The metal is allowed to cool slowly. 
The depth of immex’sioii should be such that tlu-; obscu-vcd 
e.m.f. of the thermocouple is not cluing(‘d by more than 
1 microvolt when the immersion is iinn’cascid oi’ decreascMl by 
1 cm. During freezing, the e.m.f. sliould rcimaiu constant 
within 1 microvolt for at least 5 minutes. As an alternalivi^ 
to displacing the couple, as a means of t(\sting the absimce 
of the influence of external conditions u])on tJie observed 
e.m.f., both freezing and melting points may be observed. 
If these do not differ by more than 2 microvolts, the observed 
freezing point may be considered satisfactory. 

Tke freezing 'point of antimony, when used for calibration, 
requires a procedure similar to that specified for silver. 
Antimony has a marked tendency to undercool before freezing. 
This will be minimized if the metal is heated only a few degrees 
above its melting point and if the li(juid metid is stirred. 

The standard resistance thermonieter should, be so con- 
structed that the wire will be subjected to a minimum of 
mechanical constraint, in order that diimnisional changes 
accompanying change of temperature may result in a mini- 
mum of mechanical stress being imposed ni)on the platinum 
wire. It is advisable to use platinum wire not smaller than 
0.0.5 mm. or larger than 0.5 mm. in diameter for the resistor. 
The completed thermometer should be annealed at a tem- 
perature not lower than 45()°C., if it is not to be used above 
the sulphur point, or in any case at a temperature not lower 
than the highest temperature at which it is to be used. 

For convenience in computation Eq. 1 may be put in tin^ 
Callendar form, Eq. 4, Ghap. VII. Similarly Eq. 2 may be 
written as 


- Ro 
Riw — Ro 


100 -f- a 



’J. 

vibd 



( 11 ) 


The standard thermocouple is preferably made of wire not 
less than 0.35 mm. or more than 0.65 mm. in diameter. 
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Summary 

The international temperature scale specifies the procedure 
to be followed in measuring temperature in order to yield 
values which are reproducible and internationally com- 
parable over the range —190 to about 4300°C. Values are 
assigned to selected fixed points, instruments (thermocouple, 
resistance thermometer and optical pyrometer) are specified 
to be calibrated at these fixed points, and the forms of equa- 
tions for obtaining values other than the fixed points are 
defined. The scale adopted in 1927 agreed with the thermo- 
dynamic centigrade scale as closely as possible with the 
knowledge then available. The practical importance of 
the I.T.S. is the reproducibility of its values rather than their 
ultimate accuracy. Hence it is not desirable to make 
modifications in the I.T.S. which have only a provisional 
character or to change the scale appreciably at too frequent 
intervals. 

Problems 

1. Taking the density of mercury at 0°C. as 13.(59{»1 gm, cm."-’ and 
g = OSO.Ch)/) cm. see."”, find tlie value of the standard atmosphere of 
pressuiv; in dync^s cm."‘^ 

0. The freezing ]>oint of a sample of aluminum is indicated as 659.8'7°C. 
using- a standard thermocouple, and as 6(>().()1°C. using a standard 
resistance tliermometer. What is the value of this temperature on 
the I.T.S. ? Comment. 

3. What are the limiting values of S for a standard resistance, thermometer ? 

4. Compare the nu^rits of the following procedures to be followed as pre- 

cision of tomp(u--attire measurements increases: 

(i) The ice and steam points to be defined as 0.0000°C. and 
100.()()00°C, respectively. 

(ii) The ice point to be defined as 973.1(55°lv. 
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Experiments 

EXPEEIMENT 1 

Gas Thermometer 

Object 

Determination of the coefficient of expaiision of a gas 
at constant volume. Use of a gas thermometer to measure 
an unknown temperature. 

Apparatus 

Gas thermometer. Ice and steam baths. Cathetometer. 
Barometer. Sodium sulphate. 

Discussion 

If a gas under constant pressure has a volume ro at 0°C., 
its volume Vt at any other temperature t is given by = 
ro(l + at), where a is the coefficient of expansion of the gas. 
If instead the volume is kept constant a similar equation 
holds for pressure: 'pt — po(l + oii). At constant tempera- 
ture, Boyle’s law holds: pv — Hence, combining these 

expressioiis, the state of a gas may be defined comphrtely by 

pv = po«^o(I + at) (1) 

In general Eq. 1 is only approximately true. A gas which 
obeys it strictly is called an ideal gas. Replacing a by Ktsj 
the coefficient of expansion of an ideal gas, and setting 
27S + t = T leads to 
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'pv 


(273 + t)^ = fl(273 + i) = Jjy 


T is called the absolute temperature. R is the gas constant. 

The normal gas thermometer serves as the primary instru- 
ment for determining temperature on the thermodynamic 
temperature scale. I'or practical rea- 
sons, a constant volume gas thermometer 
is usually employed. Ideally, an un- 
known temperature i could be measured 
with such a thermometer by using the 
relation 

/ _ ~ Po 

apo 


( 2 ) 


For precision temperfiture measurements 
Eq. 2 must l)e used with certain correc- 
tions, two of which will be considered in 
this experiment. 

The capillary connecting the ther- 
mometer bulb to its manometer (Fig. 
151) is a so-called dead space or pressure- 
transmitting volume in which the gas is 
at a temperature which differs from that 
in the bulb. Let be the volume of the 
bulb at temperature t, and let be the 
volume of the capillary at Then 




( 3 ) 


po + (xh) — atV2 

Further, it is necessary to take ac- 



Fig. 161, — -Gas th<;r- 
rnometer. {Coitral 
Scientific Co.) 


count of the change in volume of the 
glass bulb. If 7 is the cubical coefficient of expansion of the 
glass, Eq. 2 becomes 


t = 


Pi — Po 
<xipo ” TPi) 


( 4 ) 
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and Eq. 3 becomes 

^ ^ ~~ yp ^(1 + ah) + V‘z 

apQ — ypi t>x(l + oiti) — atv^ ^ 

The gas thermometer is calibrated conveniently by 
measuring pQ and pwo at the ice and steam points, respec- 
tively. An unknown temperature can be measured in terms 
of the corresponding pressure pii 

t ^ 1»0(PL- yo) L _ h (6) 

2?100 — Po { pQ \a + Oiti)/) 

Procedure 

Surround the thermometer bulb with a mixture of cracked 
ice and water. When the gas has reached temperature 
equilibrium, measure po which may be expressed as the 
barometric height plus the difference in the heights of the 
left and right mercury columns of the manometer. Next 
circulate steam around the bulb and measure pioo. The 
steam temperature is obtained most accurately by reading a 
barometer and consulting steam tables for tlie corresponding 
boiling point. Use po and pioo to calculate a. 

Use the gas thermometer which you have calibrated 
to measure an unknown temperature. A check may be 
obtained on this work if a reproducible temperature, such 
as the transition temperature of Na2S04, is measured. 

EXPEBIMENT 2 

GoefFicient of Expansion of a Liquid 

Object 

Aleasurcment of the absolute coefficient of expansion of a 
liquid by the method of balanced columns. 

Apparatus 

Dulong and Petit type of liquid expansion apparatus. 
Boiler and burner. Barometer. Thermometer. Cathetom- 
eter nr shW 
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Discussion 

If a licpid has a volume Fo at 0°C. and Vt at t°C., the 
relation between volume and temperature may be expressed, 
to a good approximation, by the equation : 

= F (i(l + pt) (1) 

^ is characteristic of the liquid and is called the coefficient 
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and Eq. 3 becomes 

^ Pi ~ Po 
apo — TPi 

The gas thermometer is calibrated conveniently by 
measuring po and ^loo at the ice and steam points, respec- 
tively. An unknown temperature can be measured in terms 
of the corresponding pressure pii 

Ploo — Pq I Po \(X. Viil + ati)/) 

Procedure 

Surround the thermometer bulb with a mixture of cracked 
ice and water. When the gas has reached temperature 
equilibrium, measure po which may be expressed as the 
barometric height plus the difference in the heights of the 
left and right mercury columns of the manometer. Next 
circulate steam around the bulb and measure pioo. The 
steam temperature is obtained most accurately by reading a 
barometer and consulting steam tables for the corresponding 
boiling point. Use po and pioo to calculate a. 

Use the gas thermometer which you have calibrated 
to measure an unknown temperature. A check may be 
obtained on this work if a reproducible temperature, such 
as the transition temperature of Na2S04, is measured. 

EXPEBIMENT % 

Coefficient of Expansion of a Liquid 

Object ■ . ■ 

Measurement of the absolute coefficient of expansion of a 
liquid by the method of balanced columns. 

Apparatus 

Dulong and Petit type of liquid expansion apparatus. 
Boiler and burner. Barometer. Thermometer. Cathetom- 
eter or root or siioV 
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Discussion 

If a liquid has a volume Vo at 0°C. and Vt at fC., the 
relation between volume and temperature may be expressed, 
to a good approximation, by the equation: 

Vt = F„(l + dO (1) 


d is characteristic of the liquid and is called the coefficient 



{,'52.- -[lyclrostatic balance method of measuring liquid expansion. 

of cubical expansion. Solving Eq. 1 for it is seen that the 
coefficient of expansion represents the fractional change in 
volume per degree Centigrade: 
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The chief difficulty encountered in determining (3 experi- 
mentally is that the volume of the container as well as that 
of the liquid changes with temperature. This is overcome 
in a hydrostatic balance method first used by Dulong and 
Petit (1818) to measure the expansion of mercury, and 
improved in its present form by Regnault. 

The liquid is contained in a tube, rectangular in outline, 
with an inverted U in the lower horizontal section (Fig. 152). 
Branch A is kept at a high temperature by means of a steam 
jacket. The rest of the apparatus is cooled to a uniform 
temperature by water jackets. The liquid columns A and D 
are connected at the top by tube (? which equalizes the pres- 
sures in the columns at its level. The liquid surfaces in 
tubes B and C are separated by compressed air in reservoir R. 

Let fJi, jF/sj hi, Jh and a represent the differences in level 
indicated in the diagram. Denote the temperature and 
density of the liquid in column A by ^2 and p 2 respectively, 
and for the rest of the liquid by h and pi. Let P be the 
atmospheric pressure and P' the pressure of air in P. The 
pressure at the base of column P is (P + p iff Hi) and at 
the base of column C is (P' + pi< 7 Ai). These are hydrostatic 
pressures at the same level in the liquid, hence 

P + PiffHi = P' -f- pighi ( 3 ) 

In the same manner for columns A and B: 

P + p^glLz ^ P' Ar pigh (4) 

Subtracting Eq. 4 from Eq. 3 and solving for pi/p 2 ' 

Bl ^ 

P2 “ El - hi A h2~ UV- a 

where a has replaced (hi — h^). 

The density of a given mass of liquid is inversely propor- 
tional to its volume. FromEq.1: 
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pi 


Zi 

Vo 


1 -v/su 


Po _ 
p2 E 0 


1 -h/3U 


(6) 

( 7 ) 


On dividing Eq. 7 by Eq. 6, a value is obtained for pi /p 2 . 
If this value be equated to that in Eq. 5, and the resulting 
equation solved for one obtains: 


^ - ti) - ah 

Procedure 

Partially fill the apparatus by introducing the liquid at 
the top of column A or D. Compress air in reservoir R 
so that the liquid rises in tubes A and I) until its surface 
stands about at the axis of tube G. Connect rubber tubing 
to circulate steam through the jacket on coliiinn A and tap 
water through the cooling jackets. Temperature h is read 
on a mercury thermometer. The temperature of the hot 
jacket is calculated from a barometer reading and steam 
tables. Measure II 2 with a meter stick and a with a cathe- 
tometer. In calculating /3 use the mean of about live inde- 
pendent determinations of a. 

In which type of apparatus would expansion of the 
container introduce a larger relative error: (a) a. gas ther- 
mometer, (b) a liquid thermometer? Why? 


EXPERIMENT 3 


Rate of Cooling 


Object 

(i) Investigation of the rate of cooling of a hot body, 
(ii) Comparison of cooling rates for polished and. for black 
surfaces, (hi) Determination of the specific heat of li(}uid 
and solid naphthalene, (iv) Determination of the heat of 
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Apparatus 

Two calorimeters with a water jacket. Three metal 
tubes, or test tubes. Three thermometers. Bronze gauze. 
Water bath. Boiler. Burner. Timer. Balance. Beakers. 
Naphthalene. 

Discussion 

A hot object in cooler surroundings loses heat by conduc- 
tion, convection and radiation. Provided the temperature 
difference between the object and its surroundings is not 
very large, the process is described with considerable accuracy 
by Newton’s law of cooling, which states that the rate at 
which heat is lost from the hot object is proportional to this 
difference in temperature. The actual rate of loss of heat 
will, of course, depend on the size, surface and surroundings 
of the object. For identical objects, like two identical cans, 
in the same surroundings, the rates of loss of heat are the 
same, as the cans, whatever their contents, are at the same 
temperature. 

Procedure 

Fill a polished and a blackened tube with equal weights 
(estimated) of hot water, and suspend them from the cover 
of the la ws-of -cooling apparatus, Fig. 15S. Attach the 
cylindrical cans and immerse in the water jacket which is 
at room temperature. Push the bulbs of two thermometers 
through scraps of bronze gauze and place them in the two 
tubes. Take careful readings of each at one-minute intervals 
while the temperature falls over a range of about 35° C. 
The thermometers are most easily read if the observer faces 
the window. Find the mean temperature of the water 
jacket from observations taken at beginning and end of the 
cooling process. Plot two curves on the same sheet showing 
the cooling of the polished and the blackened tubes. Set 
the blackened tube aside for the rest of the experiment. 
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From a hot water bath take one tube of naphthalene and 
one of water when the temperature shown by their thermom- 
eters are above 95°C. These tubes should contain about 
equal quantities of liquid, as judged by eye. Dry the 
outside of each tube with one quick wipe with a towel, and 
set the tubes in the apparatus of Fig. 153, designed to provide 
constant temperature surroundings. Record the tempera- 
tures every minute until the tubes have cooled to about 50‘^C. 
The water will cool more rapidly. As soon as convenient, 
weigh the tube with water, then empty it and weigh again. 



Fig. 153. — ^I^aws of cooling apparatus, {(■entral Seu'niifurCo.) 

Put the empty test tube back into the water bath and 
let it heat to over 95‘^C. Then repeat the cooling process 
with the empty tube. 

Represent the three series of observations on a graph 
sheet, drawing the curves to a large scale. 

Let w == water equivalent of empty tube, in cal. deg.'"' (h 
wi = water equivalent of naphthalene alone. 
w >2 = water equivalent of water alone. 

Also let p, pu p 2 be the slopes (in deg. C. min."^) of the three 
curves at some definite temperature, Ti. Then the rat(\s 
of loss of heat in the three cases are, at temperature !2\, wp, 
{w + {w -f- measured in cal. miii.^h 
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Since the tubes are identical, and cool in the same sur- 
roundings, these rates of loss of heat must all be the same. 
Hence 

wj) = (w? + = {w + ?i;2)7>2 

Now uh is known from the measurement of the weight of 
water used, and 7), fi and 7>2 can be found graphically after 
drawing tangents to the curves at temperature Ti. Hence 
Wi can be found. From this, if the mass of naphthalene is 
known, the specific heat of naphthalene can be calculated. 

The calculation outlined above should be carried through 
for the solid, and, if possible, for the liquid naphthalene. 

To find the heat of fusion, first compute the rate of loss 
of heat of the water at the temperature at which naphthalene 
solidifies. All the time the liquid is freezing, it is at the 
same temperature, and is losing heat at the same rate. By 
noting the length of time the naphthalene takes to solidify, 
the total heat given out can be calculated. Then find the 
heat of fusion in calories per gram. 

EXPEEIMENT 4 

Properties of Air and the Psychrometric Chart 

Object 

(A) Determination of the pressure-temperature curve 
of saturated water vapor. (B) Measurement of absolute 
and relative humidity. Comparison of several types of 
hygrometers. 

Apparatus 

(A) Vapor pressure apparatus. Manometer. Barom- 
eter. Burner or electric heater. Aspirator. Bicycle pump. 
{B) Dew point hygrometer. Ether. Thermometer. Wet 
and dry bulb hygrometer, sling hygrometer, or aspiration 
hygrometer. Electric fan. Distilled water. Thermocouifie 
materials. Potentiometer. 
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Discussion 

{A) It is the purpose of this experiment to observe the 
pressure exerted by saturated water vapor at different 
temperatures . F or ordinary room temperatures this pressure 
is small (between 1 and 2 cm. Hg). As the temperature 
rises the vapor X3ressure rises 
at an increasing rate. The 
liquid boils when the pressure 
of its vapor equals the exter- 
nal pressure. For a given 
pressure the temperature of 
the boiling liquid remains con- 
stant as long as there is any 
liquid to va{)orize. 

Figure 154 illustrates ap- 
paratus for determining the 
pressure-temi^erature curve of 
saturated water vapor by the 
dynamic method. Water is 
boiled and the vaj3or con- 
densed in a closed system in 
which the pressure may be 
varied. As water is boiled in 
the i^yrex flask, the vapor 
passes up into the condenser 
where it is condensed by a 
stream of cold water. If it 
were not for the condenser the 
steam formed would increase 



Fig. 154.-— Vapor pressure apparaLu.s. 
{Central Scientifu; C'o.) 


the x^ressure in the boiler and thus change the boiling point. 
The temperature of the boiling liquid is read from a thermom- 
eter placed in the vapor. The vapor pressure is determined 
by adding to the observed barometric pressure the difference 
in the manometer readings (open tube minus closed tube 
levels) . A reservoir between the condenser and the mercury 
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manometer serves to equalize any sudden changes of pressure 
due to irregularities in boiling. 

(B) Human comfort, many scientific measurements and 
industrial processes are dependent on the maintenance of 
suitable climatic conditions. The condition of the atmos- 
phere, aside from contamination, is determined by the tem- 
perature and the amount of moisture which it contains. 
There are a variety of ways of describing the moisture content 
of the air: 

Absolute humidity (vapor density) is the mass of water 
vapor present in unit volume. 

The pressure of^ water vapor present in the atmosphere 
varies up to a maximum or saturation value, which is found 
to depend on the temperature. 

Relative humiditij is usually defined in meteorology as 
the ratio of the mass of water vapor actually present in unit 
volume to that contained in a unit volume when the atmos- 
phere IS saturated; m the other sciences as the ratio of the 
corresponding pressures of water vapor 

The dew point is the temperature at which water vapor 
becomes saturated. 

Absolute humidity is measured by absorbing physically 
or chemically the amount of water in the form of vapor in a 
given vo ume. e equipment necessary is somewhat eiabo- 
rate and the method requires time and very exact observations. 

A common empirical method, frequently employed in 
household instruments, is to measure the change in length 
of a hygroscopic material, such as hair. Instruments of this 
type must be calibrated by an absolute method; and as the 
physical and chemical characteristics of hygroscopic sub- 
stances are subject to change, frequent recalibration is 
necessary. 

The most accurate method for determining the moisture 
content of air is a determination of the dew point, i.e„ the 
highest tempCTatare at which the water vapor present in 
the air is sufficient to give saturation. From a table of 
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the amount of water vapor required to saturate the air at 
different temperatures (see Exp. 4A and Table XXIV) the 
maximum amount of moisture at the dew point is read, and 
thus the actual water vapor content of the air is determined. 
The dew point hygrometer. Fig. 155, consists of a thin plate 
of highly polished metal on the rear side of which a cooling 
liquid flows. The tempera- 
ture of the liquid is varied 
until moisture appears on the 
polished surface. The pol- 
ished surface is preferably 
observed with a reading tele- 
scope. The temperature of 
the cooling liquid is varied 
between appearance and dis- 
appearance of the film and 
an average of the observed 
temperatures gives the dew 
point with high accuracy. 

A more common device 
for humidity measurements is 
the wet and dry bulb hygro- 
meter, I'ig. 156, which, from 
temperatures and a semi- 
empirical formula, gives the 
relative humidity. The wet 
bulb is surrounded by a 
wick saturated with water. 

Evaporation of the water from the wick absorbs heat from 
the wet bulb and lowers its temperature. The actual tem- 
perature of the wet bulb depends on the balance between 
heat lost and the heat received by conduction and radiation. 
The lower the relative humidity, the greater will be the 
evaporation and the lower the wet bulb temperature. 

The air is never at rest and the wet-bulb temperature 
will fluctuate with air currents. If, however, the wet bulb 



Fig. 155. — Alluard-type dew j>»inl liy- 
grometer. (Central Scientific Co.) 
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is in an air stream its temperature becomes constant when 
tlie velocity is sufficient to remove the maximum water 
vapor evaporating from the wet bulb. With a proper wick 
an air velocity of 600 ft. per minute at normal atmospheric 
pressures gives the minimum wet-bulb 
temperature. This air velocity can be 
secured either by moving the wet bulb 
through the air [sling psyckrometer Fig. 

157) or by moving the air past the wet 
bulb [aspiration psyckrometer). To 
secure similar conditions for both wet 
and dry bulbs, both have always the 
same relative air motion. 

The formula for the wet-dry bulb 
hygrometer is 

Pa = Pw - AB[td - tw) (1) 
where Pa is the actual vapor pressure, 




Fig. 156. — Wet and dry bulb hy- 
grometer, {Gentral Scientific Co.) 


Fig. 157. — ’Sling psychrom- 
eter. {Central Scientific Co.) 


Pw the saturated vapor pressure at ty„ B is the ratio of the actual 
barometric pressure to the standard value, and A a factor 
depending upon the access of heat to the bulbs by conduction 
and radiation. If p is in mm. Hg, t in °C., with an air flow of 
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3 meters per second, and a suitable wick is used, A for mercury- 
iii-glass thermometers and thermocouples is about 0.00057. 
Access of heat to the wet bulb by conduction and radiation can 
be greatly reduced by diminishing the size of the temperature 
observing instrument. Less loss of heat by evaporation 
is then required and consequently the air velocity past the 
wet bulb may be decreased. 

Procedure 

(A) Connect the reservoir of the vapor pressure apparatus 
to an aspirator. When the pressure in the system has 
reached the lowest limit that can be obtained conveniently, 
close the stopcock. (Never shut off the aspirator when the 
stopcock is turned so as to allow water to pass from the 
aspirator to the test of the system.) Test for leaks by noting 
whether the reading of the manometer remains constant. 

Heat the water in the boiler and observe the thermometer 
as its readings increase until they finally become constant. 
Record this temperature and the corresponding manometer 
reading. Read the barometer. Calculate the pressure cor- 
responding to the observed boiling point. 

Change the pressure by allowing a little air to enter 
the system. Note and record the manometer and therinom- 
eter readings when the steady state has been reached- Con- 
tinue these observations at about five different pressures 
until atmospheric pressure is reached. 

Connect the system to a pressure pump and increase the 
pressure by about 15 cm. Hg, and continue readings at higher 
pressures until the mercury level in the closed tube is about 
5 cm. from the bottom of the manometer. 

Plot the observed boiling point vs. pressure curve. On 
the same sheet, plot a curve representing the data of Table 
XXIV. 

(B) Make a quick, approximate determination of the 
dew point with the dew point hygrometer. Next make four 
sets of observations of the temperatures at which the dew 
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appears and disappears, allowing the temperature to change 
very slowly in the neighborhood of the point previously deter- 
mined. Record the temperature of the room and the baro- 
metric height. 

Using a wet and dry bulb hygrometer, sling psychroineter 
or aspiration psychrometer, follow the manufacturers direc- 
tions as to ventilation and record the readings of both ther- 
mometers. Repeat in still air. 

Construct a thermocouple hygrometer, using fine (No. 40) 
wires to make copper-constantan or nichrome-constantan 
junctions. The wick may be made of woolen or soft cotton 
yarn wound in a close single layer extending at least 1 cm. on 
each side of the junction with the ends dipping into a reservoir 
of distilled water. The dry junction should be above the 
wet junction and distant at least % cm. Compare the readings 
of this instrument when in still air and when in the air current 
from an electric fan. 

Calculate the absolute humidity and the relative humidity 
of the laboratory as indicated by each of the instruments. 
Present the results in tabular form for comparison. Make a 
rough computation of the total amount of water present in the 
air of the room. Compare the instruments used as to 
accuracy, convenience and adaptability to remote reading 
and recording. 

Questions 

{A) 1. Sketch and explain a simple manometer-type 
apparatus for determining the pressure-temperature curve 
for water vapor by a static method. Has this any advantage 
over the method used in this experiment.?* 

S. If the liquid has boiled for some time in the apparatus 
of Fig. 153, boiling with ‘‘bumping” is likely to occur, especially 
at temperature lower than 75°C. Explain. 

3. Discuss the variation of the boiling point of a liquid 
with pressure, from the standpoint of the kinetic theory of 
matter. 
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4. If the gage pressure of a locomotive be maintained 
constant, how will the power of the engine when the locomo- 
tive is at high altitude compare with its power at low levels ? 

{B) 1. When the relative humidity is 0.47 at 
what will be the dew point.? 

If the absolute humidity of the atmosphere on a certain 
day is 13.5 gm. m."® what is its relative humidity at ? 
Assuming that the temperature drops to 12°C. that night, 
speculate on what may happen. 

3. Is it necessary that the atmosphere next to the earth 
be saturated in order to have rain? 

4. Is it correct to say a furnace dries the air in a home 
in the sense of lowering (appreciably) its absolute humidity ? 
Does it lower its relative humidity? 

5. How would one go about raising the humidity in a 
house heated by hot air? How much water would have to be 
evaporated to raise the relative humidity of a house of 
500 m.^* from 20 to 50%, the temperature being 22°C.? 

6. Explain why cold surfaces are more likely to “sweat,” 
i.e., show condensation, in summer than in winter. 

7. Under what conditions may the wet bulb of a hygrom- 
eter indicate a higher temperature than the dry bulb? 

EXPERIMENT 5 

Thermoelectricity 

Object 

(i) Experimental verification of the thermocouple rchi- 
tions discussed in Chap. Ill (p. 48) , (ii) Calibration of a 
chromel-alumel thermocouple, for the range 0° to 450^0. 
(iii) Determination of the thermoelectric power of various 
metals in combination with copper, for the range 0° to 450''C. 

Apparatus 

A set of thermocouples made of copper in combination 
with each of the following: chromel, alumel, niclirome, con- 
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stantaii and iron. A two-range student-type potentiometer. 
Materials with known boiling points: water, naphthalene, 
benzophenone and sulphur. Ice bath. Test tubes. Ther- 
mocouple protecting tubes. 

Discussion 

This experiment illustrates the method of calibrating a 
thermocouple by measuring its e.m.f. at each of several 
fixed temperatures provided by pure materials of known 
boiling points. The chromel-alumel thermocouple chosen 
for calibration is commonly used for laboratory and industrial 
temperature measurements. The meaning and usefulness 
of the concept of thermoelectric power P is illustrated by 
calculating P for nichrome and constantan, each in com- 
bination with copper, from e.m.f. measurements. 

When one junction of a thermocouple is held at constant 
temperature (usually 0°C.) the variation of the thermal e.m.f. 
with temperature of the other junction, is expressed by, 

E = a ht ct^ (1) 

Thermoelectric power P is defined as the change in thermo- 
electromotive force for unit change in temperature. Hence P 
may be obtained by differentiating Eq. 1 : 

dE 

P=^-&+2d (2) 

It will be observed that the e.m.f.-temperature relation is 
parabolic. The thermoelectric power-temperature relation 
is linear. The thermal e.m.f, is usually measured in milli- 
volts, the thermoelectric power in microvolts per degree 
Centigrade. 

Boiling points may be corrected for barometric pressure j), 
measured in millimeters of mercury, by the formulas, 

Water t = 100.000 - 0.0367(760 - p) 

Naphthalene i = ^17.96 - .058 (760 - p) 

Benzophenone t — 305.9 — .063 (760 -—p) 

Sulphur t ~ 444.6 — .091 (760 — p) 
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Procedure 

A student-type potentiometer with variable resistance 
R, standard cell SC\ galvanometer G, and protective resistance 
P connected externally is indicated in Fig, 158. An under- 
standing of this circuit, and the wiring diagram of the poten- 
tiometer will aid in the intelligent use not only of this 
instrument but also of more specialized, self-contained poten- 
tiometers used in later experiments. (The extra terminals, 



Fig. 158. — Potentiometer and therrnocouple.s. {Potentiometer eircnit In/ Leeds A 
Northrup Co.) 

end coils and the red scale at B are to permit this instrument to 
be used as a Wheatstone bridge in other experiments.) 

First standardize the current in the potentiometer circuit. 
To do this, throw switch S (Fig. 158) to the “Std. cell” position. 
Turn dial switch A and knob B until the potentiometer 
reading corresponds to the voltage of the standard cell 
being used. The adjustable resistor Ji in series with the 
battery should then be set at about 140 ohms to limit the 
current through the potentiometer to approximately 0.01 
amp. Then tap key /^-l and adjust resistor R to reduce 
any galvanometer deflection to zero. Make the final adjust- 
ment of R using key which gives increased galva-nometer 
sensitivity. The switch S is then put in the “ EMF” posi- 
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tion and the potentiometer is ready to make measurements. 
However, the current should be standardized occasionally 
during prolonged use. (Why?) 

With the cold junction of one of the thermocouples in 
melting ice, measure carefully the e.m.f. when the hot junction 
is successively at the boiling points of water, naphthalene, 
benzophenone and sulphur. Use protecting tubes on the 
thermocouples, and avoid contaminating the samples by 
transferring protecting tubes from one to another. Avoid 
overheating the liquids. 

Note the algebraic sign of the thermal e.m.f. as well as 
its magnitude. The sign is determined by observing the 
polarity at switch S and recalling the sign convention for a 
thermocouple: Eab is positive when the positive or conven- 
tional current flows from a to 6 at the hot junction. For 
example, in Fig. 158 Excu is positive (or Eaux negative). It 
may be found necessary to reverse the connections at S 
when another thermocouple is used, indicating EYc^t negative. 

Repeat the foregoing for each of the couples. 

Using the data for chromel-copper and alumel-copper 
couples, plot curves of e.m.f. ’s as ordinates against cor- 
responding temperatures as abscissas. On the same sheet, 
plot a curve of (Fchromei-Cu — UAiumei-Cu) VS. teiiiperaturc. By 
the second thermocouple relation, this should be a calibration 
curve for a chrornel-alumel thermocouple. How may this be 
verified ? 

Check the first thermocouple relation by placing the cold 
junction of one of the thermocouples in the steam bath (U) 
and the hot junction in boiling naphthalene (ts). Using 
previous e.m.f. readings taken with the cold junction in ice 
(^i), compare with IFit,*** -h 

What additional observation will permit checking the 
third thermocouple relations? If time permits carry this 
out. 

Using the e.m.f. -temperature data for the nichrome-copper 
and the constantan-copper couples, plot graphs of thermo- 



Experiments 323 

electric power vs. temperature. These may be obtained 
graphically from the slopes of the e.m.f.-temperature curves. 
Solve for constants b and 2c of Eq. 2, for either one of these 
couples. Check your values by consulting tables which give 
these constants in combination with lead as a reference metal. 
(Note the sign convention employed in any tables you 
consult.) 

In discussing the accuracy of this experiment, give 
numerical significance to your remarks by noting the least 
count of the potentiometer, its sensitivity (which depends 
upon the galvanometer) and the magnitude of random varia- 
tions in measurements of a particular e.m.f. 

1. When will a in Eq. 1 be zero and when different from 
zero? 

2. Why is lead commonly used as a reference material in 
tabulating constants of thermoelectric power? What is the 
practical use of such tables ? 

S. Inst the. three thermocouple relations in order of their 
practical importance. 

EXPERIMENT 6 

Comparison Method of Thermocouple 
Calibration 

Instruments Used to Measure Thermal E.m.f.’s 

Object 

(i) Calibration of a base-metal thermocouple by com- 
parison with a standard platinum, vs. platiniim-rliodium ther- 
mocouple. (ii) A study of instruments used in measuring 
thermocouple e.m.f /s. 

Apparatus 

Standard, platinum vs. platinum-rhodium thermocouple. 
IJncalibrated base-metal couple (ehromel-ahimel, copper- 
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constantan or iron-constantan). Electric furnace. Rheostat 
or variable transformer. Potentiometer. High-resistance 
millivoltmeter. Low-resistance millivoltmeter. Ice bath. 
Mercury thermometer. Three d.p.d.t. switches. Dry cell. 
Resistance dial box. 

Discussion 

The primary standardization of a thermocouple is a 
calibration in terms of certain reproducible temperatures, 
obtained at the melting or freezing points of a series of pure 
metals. (See Exps. T, 22.) 



A rapid, secondary calibration of a thermocouple, suffi- 
ciently accurate for most uses, may be obtained by comparison 
with a standard couple. If the two thermocouples are 
placed in a clean electric muffle furnace, readings of their 
e.m.f.’s may be taken conveniently over the temperature 
range for which calibration is required. To insure good 
thermal contact the rare-metal couple, without its protecting 
tube, may be pinched in a small slot cut in the hot junction 
of the base-metal couple; or both couples may be fused 
together temporarily. Obviously neither of these methods 
is practical for use in routine calibration of many couples. 
In this experiment good thermal contact is secured by inserting 
both couples in holes drilled in a small block of copper or 
nickel placed at the center of the furnace (Fig. 159). 
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It is just as important to know the temperature of the 
cold junction of the couple being caliVjrated as that of its 
hot junction. The thermal e.m.f. depends upon both. The 
reference junctions of each thermocouple may be placed in 
melting ice. 

Or, if this is not done, a reference junction correction 
must be added to e.m.f. readings taken on the standard 
couple, and the calibration of the base-metal couple must 
include a 'statement of its reference junction temperature 
(measured with a mercury thermometer). 

It is convenient, though not necessary, to use two poten- 
tiometers in this experiment. The relatively low e.m.f. 
produced by the platinum to platinum-rhodium couple 
may then be read on a low-range instrument (0-16 mv.) or 
on the lower scale of a multiple-range instrument. The 
e.m.f. produced by the base-metal couple is measured on a 
higher-range potentiometer (0-()4- mv.). 

Simultaneously with the calibration of the thermocouple, 
a study may be made of various e.m.f. -measuring instruments. 
A potentiometer will read the true e.m.f. of the couple, 
irrespective of lead resistance, since when balanced it takes 
no current from the couple. A millivoltmeter reading 
however, depends on the true e.m.f. E of the couple to which 
it is connected, the millivoltmeter I'esistance iiy, the thermo- 
couple resistance Rc and the line resistance Ri, 


Procedure 



Rv 

ilv + Rc + Ri 


E 


( 1 ) 


Arrange the two thermocouples in the furnace with their 
hot junctions in the copper or nickel block. Close the ends 
of the furnace with insulating material. Provide an ice 
bath for the cold junction of each couple. Connect tlie 
standard couple to a potentiometer. Arrange switches to 
connect the base-metal couple to each of the instruments in 
turn. 
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Plan to obtain furnace temperatures from the standard 
couple at intervals of about 100°C. up to the highest tempera- 
ture safe for the particular furnace and base-metal couple 
used. xA^t each of the known furnace temperatures, record 
the e.ni.f. of the base-metal couple as read on each of the 
three indicators. It is essential that the furnace temperature 
be kept constant during a set of readings by adjusting the 
heating current. 

Draw a calibration curve (e.m.f. vs. temperature) for the 
base-metal couple. 

Note what effect separating the thermocouples by several 
centimeters or removing the insulating plugs has on the e.m.f. 
readings. Estimate the temperature gradient encountered 
along the axis of the furnace. How might it be minimized ? 

Data taken so far will permit a qualitative check only 
of Eq. 1. If time permits, obtain from the instructor appara- 
tus to measure lii Rc and Rv. Use these values to verify 
Eq. 1 numerically. 

1. Show how to estimate the accuracy of a comparison 
calibration of a thermocouple, considering : (i) the least count 
of the measuring instrument used, (ii) its sensitivity, (iii) 
any random variation of potentiometer readings at a given 
temperature and (iv) any change in readings noted when the 
thermocouples were moved slightly in the furnace. 

2. What chiefly distinguishes a potentiometer from other 
e.m.f .-measuring instruments ? 

S. Derive Eq. 1 by applying Ohm’s law to a thermocouple 
circuit. 

4. Explain precisely the significance of a cold junction 
correction. Was it necessary in this experiment ? 

5 . When both a platinum vs. platinum-rhodium and a base- 
metal thermocouple are used in the same furnace need any 
precaution be taken to prevent the furnace atmosphere 
damaging the couples .? Explain. 

6. Is it necessary or desirable that an electric muffle 
furnace used in thermocouple calibration be thermally 
well-insulated.^ 
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EXPERIMENT 7 

Precision Calibration of a Thermocouple 

Object 

Graphical and analytical calibration of a thermocouple 
for the range 300° to 1100°C. 

Apparatus 

Thermocouple. Precision potentiometer. Electric timer. 
Electric furnace. Gas furnace. Crucibles. Quartz ther- 
mocouple protecting tubes. Powdered graphite. Samples 
of the following, three of which should be used: tin, lead, 
zinc, antimony, aluminum, sodium chloride and copper. 

Discussion 

The e.m.f. -temperature relation for a thermocouple may 
be represented by, 

E = a ht -{■ ct^ (1) 

where E is usually expressed in millivolts and t in degrees 
Centigrade. The constants a, h and c are determined by 
measuring the thermocouple e.m.f. at the known melting 
points or freezing points of each of three metals. 

The application of freezing point determinations to 
thermocouple standardization should be apparent from a, 
consideration of Pig. 160. When a crucible of pure molten 
metal is allowed to cool, the curve obtained by plotting tem- 
perature of the metal against time is continuous until the 
freezing point is reached. During freezing the latent heat 
associated with the transformation supplies the losses due to 
radiation and conduction, and the temperature of the metal 
remains constant until all the metal has solidified. In that 
region the cooling curve is, ideally, parallel to the time axis. 
Actually there may be some obliquity of that part of the 
freezing curve, and to a greater degree also in the correspond- 
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Willi of the crucible first reaches the melting point. The 
temperature of that layer remains constant while heat is 
supplied for its fusion. The thermocouple measures the 
temperature of the solid metal at the center of the crucible, 
and when this is surrounded by an isothermal layer the rate 
at which the inside temperature increases is greatly dimiii- 
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Fig. 1(50. — Typical heating and cooling curves. (.Sur. Standards Tcvh. Pa'per 170.) 

ished, resulting in a rounding off of the temperature-time 
curve. The thermocouple reads the true melting point 
onlj^ for the short time the metal immediately surrounding 
it is melting. Figure Ihl shows a freezing and a melting curve 
with considerable obliquity. The true freezing temperature 
is obtained by extrapolating the straight portion of the curve 
and noting the temperature A at which the straight line 
deviates from the observed curve. The melting point B is 
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obtained from the last part of the melting curve in a similar 
way. 

Undercooling in the case of most metals seldom exceeds 
0.1 or 0.2°C. In the case of antimony, however, it may 
amount to as much as 30°C., depending on the rate of cool- 
ing. The cooling curve for antimony 
in Fig. 160 illustrates undercooling. 

Procedure 

The electric furnace should be 
turned on at the beginning of work | 
and allowed to heat one of the samples | 
while connections are made to the § 
potentiometer. Have an instructor ^ 
inspect the wiring before attempting 
to standardize the current through 
the potentiometer. Take a practice 
reading of the potentiometer with one 
junction of the thermocouple at room pia. kh .— Oblique freez- 
temperature, the reference junction ing and melting curves. (Iiur. 
being in ice. Standards Tech. Paper 170.) 

When one of the samples has become molten, cover the 
surface with powdered graphite to retard oxidation. Insert a 
thermocouiile protecting tube and then the couple. As the 
metal cools, take e.m.f. readings at intervals of 15 seconds 
and prepare a cooling curve of e.m.f. vs. time. The sample 
may be cooled in the furnace with power off or with the cruci- 
ble in an asbestos-lined pot on the table. A uniform rate 
of cooling of about /min. from 10°C. above the melting 
point is satisfactory for a freezing point determination. The 
curve should have a flat portion corresponding to an interval 
of about 5 minutes. 

With the exception of antimony, it is not advisable to 
stir the molten metals as pockets of graphite are thereby 
formed. If there is doubt concerning the proper deyith of 
immersion of the thermocouple, several dcterminati<ms of 
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e.m.f. should be made at different depths until a position 
is found from which small variations do not affect the tem- 
perature measurement. The thermocouple protecting tube 
may be left in the metal for a few degrees below the freezing 
point without breaking. If it cannot then be removed, the 
metal should be remelted immediately. Time and material 
will be saved in obtaining freezing points if metals are not 
initially heated to unnecessarily high temperatures. 



Fig, 163. — Circuit diagram of a “K-2” [Kohlrausch] potentiometer. {Leeds & 
Northrup Co.) 

Submit with your report the three cooling curves and an 
accurate calibration for the thermocouple. Evaluate the 
constants a, b and c of Eq. 1. 

1. Draw a diagram of the simplest form of slide wire 
potentiometer. 

%. Eef erring to Eig. 162, list those letters which designate 
elements essential to a simple potentiometer such as you 
have diagramed above. 

3. List those parts which you have not included in (2) and 
explain in a phrase their function in the more elaborate 
instrument. 

4. The current through a potentiometer has been stand- 
ardized properly against a standard cell. If the following 
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cb,a,nges are made, indicate whether restandardization is 
necessary : 

a. The galvanometer is replaced by one of higher 
sensitivity. 

b. Room temperature rises by about 10°F. 

c. The thermocouple leads are lengthened, increasing 
their resistance. 

d. Thermocouples of different metals are substituted. 

6. The service cell is replaced by another. 

/. The potentiometer range is changed from "‘1” to 

“0.1.” 

5. A potentiometer is standardized with the standard 
cell dial set at 1.0183 v. An unknown e.m.f. is then measured 
as X = 0.50915 v. Later it is found that the correct standard 
cell e.m.f. was 1.0169 v. What then was the true value of X? 

6. A milli voltmeter connected to a thermocouple reads 
14.286 mv. while a i^otentiometer connected to the same 
couple reads 15.000 mv. If the line and couple resistance is 
2 ohms, find the resistance of the millivoltmeter. 

EXPERIMENT 8 

Thermal Conductivity of Heat Insulators 

Object 

Determination of the thermal conductivity of cork, glass, 
paper and several commercial insulating materials. Demon- 
stration of the use of a differential thermocouple. 

Apparatus 

Fitch conductivity apparatus, consisting of source and 
receiver with embedded thermocouples. Const ant an wire. 
500- w. immersion heater. Galvanometer. Resistance box. 
i-kamples for test. Several kilogram weights. 
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Discussion 

In unidirectional heat flow the quantity of heat trans- 
ferred by conduction is giyen by the equation: 

^ KAt{T, - T^) 

H - U j 

where Q = quantity of heat transferred, in calories. 

K — thermal conductivity, in c.g.s. units. 

T = area of cross section in cm.^ 

jL = distance between hot and cold faces, in cm. 

Ti, r 2 = temperatures of hot and cold faces, respectively, 
on Centigrade scale. 

t = duration of heat transfer, in seconds. 

In the case of good conductors, such as metals, the con- 
ductivity is measured from samples in the form of rods. 

But for heat insulators, such as 

Q those investigated in this experi- 
ment, the length L must be small 
and the area A relatively large 
in order that sufficient heat 
transfer may occur to permit 
accurate measurement. 

The Fitch conductivity ap- 
paratus (Fig. 163) has as the heat 
source a vessel of boiling water 
and as a receiver a copper plug 
of known mass, embedded in 
. , ■ . . insulating surroundings. The 

Tig. 16S. — Intch conductivity appa- , . , , r , 

ratus. {Central Scientific Co.) Sample IS placed between the 
polished faces of .source and re- 
ceiver. The quantity of heat transferred is determined from 
the rise in temperature of the receiver, initially at room 
temperature, Copper-constantan thermocouples embedded 
in the bottom of the copper vessel (source) and in the receiver 
permit measurement of Ti and jr 2 . Fosses from the copper 
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receiver by radiation and conduction to its siiiTOundiiigs are 
largely compensated for by the fact that the source has a 
larger area than the receiver, although the area used in com- 
puting K is that of the receiver. 

A direct but rather laborious way of performing the 
experiment would be to measure the time rate of increase^ 
of T 2 , after calibration of the thermocouple, and to compute 
from the thermal capacity of the receiver. An ingejiious 
variation of this, however, simplifies the work. 

Eq. 1 may be differentiated: 

dt~ L 

If M is the mass of the receiver and c the thermal capacity 
of copper: 

dQ ,,, dT KA(d\ - T,) 

H = == 1: 


If now the constantan terminals of the two thermocouples 
are joined by constantan wire, the galvanometer deflection 
Ig will measure the temperature difference: 

Ig = e\l\ - 2h) (4) 

and 

dig , dT , . 

dT = ^ 

Substituting equations 4 and 5 in 3 : 

dig 


Me 


dt 


KAIg 

L 


(fl) 


Integrating between the limits ^ — 0 and t == t, corres]X)n(ling 
to galvanometer deflections Jo and 7, the result is: 

'og. / = logno - 

Changing to logarithms to the base 10: 


(7) 
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t = — ^ — (log ic - logi) (8) 

It is apparent that if values of log I are plotted as ordinates 
with values of t as abscissas, a straight line will be deter- 
mined, of slope: 

p C9') 

Measurement of this slope permits evaluation of K. It is 
convenient to use semi-logarithmic paper in making the 
graph. 


Procedure 

Start the water heating in the copper-vessel source, 
using the electric immersion heater. Turn on the heater 
only when it is in water. Never place the vessel over a 
flame. 

Have the receiver nearly at room temperature and place 
the source on the sample to be measured. Connect the 
constantan (gray) terminals of the source and receiver thermo- 
couples with the constantan wire supplied. Join these in 
series with the galvanometer and sufficient resistance to 
give nearly full-scale deflection. After the water in the 
source has been boiling for several minutes and Ig has reached 
a steady maximum, transfer the source and sample to the 
receiver. The galvanometer deflection will immediately 
start to decrease. Record the deflection Ig and time t 
every 30 seconds. The time interval may be made 1 or 2 
minutes for thick samples, or 15 seconds for thin ones. A 
dozen or more readings should be made. 

To decrease the air film and to insure good thermal 
contacts, a load of 2 to 4 kg. may be placed on the apparatus 
during the experiment. 

A plot of log Ig vs. t should give a straight line until the 
copper receiver is warmed appreciably above its surroundings. 
Measure the slope of the curve, the area A of the receiver, 
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and the thickness L of the specimen. The mass of the 
receiver will be found stamped on the side. The thermal 
capacity of copper, at ordinary temperatures, is 0.09S cal. 
gm."^ deg. C.“^ Calculate K, and state its units. 

Cool the receiver between runs by placing a copper can 
filled with ice water on it, but do not wet it. At the con- 
clusion of the experiment rinse and dry the copper vessel 
and the heater. 

EXPERIMENT 9 

Thermal Conductivity of a Metal 

Object 

Measurement of the thermal conductivity of copper. 
Apparatus 

Copper bar conductometer. Four thermometers. Boiler 
with stand and burner. Constant level water tank. Beaker. 
Pan balance. Electric timer. 

Discussion 

The definition of thermal conductivity K in 

suggests a simple method of determining the conductivity 
of a substance. Using a slab of the material of known 
cross section A. and length L, heated on one face, the amount 
of heat Q that flows through the opposite face in a known 
time t can be measured, as well as the temperatures of tlie 
two surfaces Ti and T‘i. The conductivity can then be deter- 
mined from Eq. 1. 

Actually, precise measurement of the thermal conduc- 
tivity of materials is difficult and requires many precautions. 
There are three principle sources of difficulty in conductivity 
experiments. It is difficult to measure accurately the tern- 
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peratiires of the two faces of the sample. An unknown, 
large temperature gradient may exist in the thin films of 
air or liquid that partially insulate the sample. Finally, 
although a one-dimensional conduction of heat from the hot 
to the cold face is assumed, there may be considerable loss 
of heat by conduction and radiation from the edges of the 
sample. 

Figure 164 illustrates the type of copper conductometer 
used for this experiment. One end of a cylindrical copper 
bar is enclosed in a steam chamber. The other end is capped 
by a container through which cool water circulates, thermom- 
eters being provided to give its temperature of entry and exit. 



Pig. 164. — Copper conductometer. {Central Scientifw Co.) 

Ts and T 4 respectively. Two thermometers are inserted 
into holes drilled in the copper rod and are brought into good 
thermal contact with the metal by the addition of a few 
drops of mercury. These read the temperatures Ti and 
at cross section about 10 cm. apart, avoiding the necessity 
of knowing anything about the fluid layers formed on both 
ends of the sample. The whole rod is wrapped with a non- 
conducting material to minimize heat losses. In the steady 
state if M grams of water flows through the cooling coil in 
t seconds, the heat conducted by the bar per second is M i T.i — 
Ts) It and this equals KA{Ti — T^) /L, where L is the distance 
between the two thermometers Ti and Ta. Thus the con- 
ductivity K is determined from: 

M{T4 - Tz)L 
- tAiTv - T 2 ) 
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Procedure 

Allow water to flow through the cooling coil, using a, 
constant level water tank to keep the rate of flow constant. 
Connect the steam jacket to a boiler. When steam is passing 
through the jacket, adjust the flow of water through the 
cooling coil, by means of a pinch cock on the supj)iy tube, 
so that the rise in temperature of the water (T 4 — Ts) is 
about 10 °C. W^hen the readings on the four thermometers 
have become practically constant, place a weighed beaker 
below the water outlet, noting the time. Collect water for 
about 5 minutes, taking thermometer readings every minute. 
At a noted instant, remove the beaker and determine the 
mass of water M collected. Calculate the conductivity of 
the copper sample from Eq. 2 . 

EXPERIMENT 10 

Thermal Conductivity of Gases 

Object 

Determination of the thermal conductivity of several 
gases by a comparison method. 

Apparatus 

Conductivity cell. Wheatstone bridge. Galvanometer. 
Milliammeter. Thermostat. Tank samples of several gases 
such as CO 2 , H 2 , He, NH3. 

Discussion 

The electrical energy necessary to heat a platinum wire 
to a given temperature will depend on the nature of the gas 
in contact with it, other conditions being equal. The con- 
stancy of its temperature may be determined by measuring 
the resistance of the wire. When a steady state is reached, 
heat supplied to the wire by electrical energy ui\ist ecpial that 
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lost to the surrounding thermostat by conduction, convection 
and radiation. Radiation loss can be minimized by keeping 
the wire temperature below 400°C. Heat lost from the wire 
by conduction through its metal supports is a constant which 
can be determined for a given appa- 
ratus. Then the electrical current 
necessary to keep the temperature 
of the wire constant in different gases 
will be a measure of the thermal 
conductivity of the gases used. 

The heat lost from the wire by 
conduction 

^ hA{T, - T,)t , CA{T, - T^)t 

Q ^ + 

( 1 ) 

The first term represents heat con- 
ducted by the gas. The second term 
includes heat lost by other means. 
0 is a constant for a given cell. 
From the current 1 and resistance R 
the heat, measured in calories, sup- 
plied electrically to the wire may be 
calculated from 

Q' = 03S9im 

A steady state is represented by equating Q and Q' 

d 

which is independent of time. For two gases of conductivities 
Jca and Jcb placed successively in the cell 

= (J;. 4 - C) - C (4) 

If the thermal conductivities are known and the corresponding 


( 2 ) 

( 3 ) 



t’lG. 105, — Gas conductivity 
cell. [C. M. Mason and R. M. 
Doe, J. Cht'rn. 182 
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currents are determined for both, gases, the cell constant 
can be evaluated 

^ Ia^Icb — Ib^Ica 

^ _ J^2 

The conductivity of any other gas can then be obtained by 
measuring the corresponding current and solving an equation 
of the form of Eq. 4. 



Fig. 166. — Bridge for conductivity mea.surements. 


Procedure 

Place the cell (Pig. 165) in a thermostat. Flow clean, dry 
air through the cell. Close inlet and outlet tubes and allow 
the air to come to thermal equilibrium with the thermostat. 
Make connections to the Wheatstone bridge as in Fig, 166, 
and set resistors so Ri + 7^2 1000 ohms. This is to prevent 

burning out the dial resistance box by excessive current. 
Close switch K% and adjust the heavy-duty resistance R 
until about 0.15 amp. flows through the cell. Then depress 
key Kx and adjust Ri and j !?2 (keeping Ri -f- R^ 4= 1000 
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Apparatus 

Fery total radiation pyrometer with galvanometer tem- 
perature indicator. Calibrated thermocouple. Portable po- 
tentiometer. Low-range precision potentiometer. Electric 
furnace with current controller. 

Discussion 

Previous study of radiation laws has shown that it is 
possible to measure the temperature of a body in terms of 



Fig. 167. — ^Fery rudiation pyrometer. {Bur. Standards Tech. Paper 170.) 

either the energy radiated in a narrow band of wavelengths 
or the total energy radiated. Instruments employing the 
•finst method are called optical pyrometers. They use Wien’s 
law. Instruments for the second method are called total 
radiation pyrometers. Their operation is described by the 
Stefan-Boltzmann law. 

Ill the Fery radiation pyrometer (Fig. 167) a concave mirror 
surfaced with gold, silver or aluminum concentrates radiation 
from the hot body upon one junction of a small thermocouple. 
The reference junction of the thermocouple is shielded from 
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radiation and remains at approximately room temperature. 
The mirror may be moved by rack and pinion to focus the 
radiation on the thermocouple. As an aid in securing correct 
focus, an eyepiece is used in conjunction with two small, 
plane mirrors placed close to the thermocouple and inclined 
slightly relative to each other. The effect is to give a divided 
image of the source. If the pyrometer is not correctly 
focused, the field of view appears in a divided and displaced 
image. As the pyrometer mirror is moved into correct 
focus the divided image moves into alignment. 

The galvanometer indicator connected to a radiation 
pyrometer may be calibrated to read temperatures directly, 
assuming a blackbody source of radiation. The relation 
between the deflection of the indicator and the absolute 
temperature of the source may be predicted on the following 
assumptions: 

(i) The galvanometer deflection D is proportional to the 
applied e.m.f. 

(ii) The e.m.f .-temperature relat ion for the thermocouple 
is linear. 

(iii) Newton’s law of cooling is applicable to the equi- 
librium temperature of the thermocouple. 

(iv) The net rate of receiving heat is j^roportional to the 
difference of the fourth powers of the temperatures of source 
and surroundings — To^ which is the Stefan-Boltzmann 
law. 

These relations may be expressed algebraically, 

D = a (e.m.f.) = h{T^ - T^) = ™ (1) 

or 

D = AT^ + B {%) 

If To is small compared to T, then B may be neglected. 
Eq. 2 can be put in the form, 

log D — 4 log r = constant (3) 

Of course the assumptions made above represent only 
approximately the physical phenomena. The optical system 
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if a total radiation pyrometer has a transmission (or reflection) 
coefiicient which varies appreciably with the radiation, and 
hence with the temperature T of the source. The tempera- 
ture To of the receiver varies with T. As a result the e.m.f. 
is not given by a law in T^ Experiment shows that it may 
be represented as a function of T by a relation of the form 

E = m(T” - To”). (4) 

where n is an exponent, constant for a given instrument, 
whose value varies considerably from the ideal 4. 

For measuring high temperatures a diaphragm is placed 
in front of the pyrometer to supress part of the incident 
radiation. The diaphragm is a sectored disk so that the 
central and marginal rays of the objective lens (or mirror) 
are diaphragmed in the same ratio. If a curve of log T vs. 
log e.m.f. is plotted for an instrument thus diaphragmed, it will 
not generally have the same slope as the corresponding curve 
obtained for the instrument without the diaphragm. This is 
explained by the fact that the temperature of the reference 
junction of the thermocouple, for a given source temperature, 
is lower than in the absence of a diaphragm. 

Procedure 

Put the hot junction of the calibrated thermocouple 
in a small hole drilled in a block of graphite or nickel and 
place near the center of the electric furnace. Sight the radia- 
tion pyrometer on the furnace opening, using, if necessary, 
small diaphragms to approximate blackbody conditions 
in the furnace. 

Connect the thermocouple to a portable potentiom- 
eter. Use a d.p.d.t. switch to connect the radiation pyrom- 
eter in turn to a galvanometer indicator and to a low-range 
potentiometer. 

Plan to take readings at intervals of about 100°C. over 
the range available with the furnace used. Prepare a table 
showing: (i) e.m.f. of standard thermocouple, (ii) tempera- 
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ture corresponding to that e.m.f., read from tables, (iii) 
radiation pyrometer e.m.f., (iv) temperature read from 
pyrometer indicator, (v) temperature calculated from the 
pyrometer calibration made as described in the next paragraph. 

Determine the calibration constants m and n from a 
graph of log E vs. log T, 

For one particular furnace temperature, observe the 
effect of placing a clear glass plate between the pyrometer 
and the furnace. Explain. 

For a constant furnace temperature, take readings at 
successively increased distances from the furnace. Explain 
the effect of distance on the pyrometer readings with the aid 
of a diagram. 

EXPEEIMENT 13 

Optical Pyrometer 


Object 

Study of the principles of optical pyrometry. (i) Calibra- 
tion of an optical i^yrometer. (ii) Extension of the range 
of an optical pyrometer, (iii) Determination of the emis- 
sivity of a metal. 

Apparatus 

Disappearing-filament type optical pyrometer. Optical- 
wedge type pyrometer. Broad-filament tungsten lamp with 
current controller and ammeter. Sectored disk with motor. 
Colored glass filters. Calipers. Electric furnace. Cali- 
brated thermocouple and indicator. Crucible with metal 
sample. 

Discussion 

Temperature measurement with an optical pyrometer 
consists in matching monochromatic radiation from the 
source being measured against that from the filament of a 
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standard lamp. Comparison is made in some instruments 
by varying the filament current, in others by varying a wedge 
filter ill the viewing telescope. 

The calibrations of optical pyrometers are compared 
readily by the use of a special accessory lamp. This is the 
method used in comparing the standards maintained by the 
various national standardizing laboratories. The comparison 
lamp has a broad filament. The ribbon may be wedge shape 
to provide approximately blackbody radiation. Using one 
pyrometer a curve of current vs. temperature is prepared for 
the comparison lamp. The lamp with this curve is then used 
to check the calibration of a second pyrometer when sighted 
upon it. 

The range of an optical pyrometer is extended by decreas- 
ing the radiation from the source by a known factor. If a 
filter of thickness i having absorption coefficient k is placed 
before the pyrometer its scale reading Ta is related to the 
true temperature of a blackbody source by, 


1 1 kXt 

~ = = constant 

i la G‘2 


( 1 ) 


Alternatively a rotating sectored disk may be used to reduce 
the incident radiation. If the ratio of open to closed sectors 
is A the relation between true and indicated temperatures 
becomes 



If an optical pyrometer calibrated for blackbody conditions 
is used for measurements on a surface of emissivity the 
observed temperature is related to the true temperature by 

loge = '1'^ ■^1' (S) 

Procedure 

Compare the calibrations of two optical pyrometers, 
with the aid of the ribbon filament lamp. ShoAv the agree- 
ment or discrepancy in a graph. 
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From paper or thin sheet aluminum prepare a disk similar 
to Fig. 168, The total angular opening should be about 30°. 
Sight one of the pyrometers through the open sector of the 
stationary disk and read the temperature of the incandescent 
filament of the comparison lamp. Repeat the reading when 
the disk is spinning, keeping the current in the comparison 
lamp constant. Compare the 
second pyrometer reading with 
that calculated from Eq. 

Determine the emissivity 
of a molten metal by obtaining 
its true temperature from a 
calibrated thermocouple and 
reading its apparent tempera- 
ture on an optical pyrometer. 

The emissivity is given by Eq. 

3. Compare results obtained 
when the optical pyrometer is 
sighted on the bright surface 
of the metal and then on the surface covered with oxide or 
with powdered graphite. If all measurements are made 
at the solidifying temperature of the metal they may be 
readily repixxluced and checked. If a two-color optical 
pyrometer is available, compare the temperature obtained 
from its two readings on a bright surface with that indicated 
by the thermocouple. 

EXPERIMENT 14 

The Radiation Constant, 
Calorimetric Method’ 

Object 

Determination of the value of the constant <r in the 
Stefan-Boltzinann radiation law. 

^ A. 1). Denning;:, Phil. Mag. (6) 10, 210 (1905). 
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Apparatus ' 

Copper can with hemispherical bottom. Silver disk. 
Two copper-constantan thermocouples. Potentiometer or 
galvanometer. Timer. Calipers. Dewar flask. Boiler. 
Bunsen burner. Camphor. 

Discussion 

An approximate value for the constant a of the Stefan- 
Boltzmann radiation law can be obtained by a calorimetric 



method using simple apparatus. A hemispherical radiator B 
(Fig. 169) is heated to the steam temperature, then placed 
over a silver disk A of known area A, mass M and thermal 
capacity c. Both the disk and the concave surface of the 
hemisphere are blackened. From the initial rate of rise of 
temperature dT jdt observed for the disk, cr may be calculated 
from Eq. 1. 
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Let Ri be the radiation absorbed by the disk per second 
per unit area, and i? be the rate at which radiation is emitted 
per unit area. The energy gained by the disk per second is 
then (El — R)A, where A is the exposed area of the disk. 

From the general equation of calorimetry and the Stef an- 
Boltzmann law; 


and 


dT Ri — R ^ crA , 


JMc dT 


T^) 


A{TA " T^) dt 


( 1 ) 


where Ti is the temperature of the copper hemisphere, T the 
temperature of the silver disk, t the time in seconds and J 
the mechanical equivalent of heat. 


Procedure 

After weighing and measuring the silver disk, blacken 
it and the hemisphere over burning camphor. Connect 
a boiler to steam chamber 0 and pass steam through to 
heat hemisphere B. The temperature of the hemisphere 
may be taken as that of the steam (determined from a, 
barometer reading and steam tables) or it may be measured 
by a thermocouple soldered at R and connected to a gal- 
vanometer at Gi- 

One junction of a thermocouple is soldered to the silv(T 
disk, the other junction placed in a Dewar of melting ice and 
the leads connected to a galvanometer at 0%, When the 
hcmisyjhere has reached a steady temperature, place it over 
the disk. At a, noted time, remove the fiber insulation from 
the surface of the disk and commence a series of temperature 
(or e.m.f .) readings at definite time intervals for about 
15 minutes. 

Plot a temperature-time (or e.m.f .-time) graph. Evaluate 
dT /dt from a tangent. Using the appropriate value of T, 
calculate c. 
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EXPEBIMENT 15 

Radiation Constant, Equilibrium Method 

Object 

Determination of the constant in the Stefan-Boitzmann 
radiation law. 

Apparatus 

Copper sphere enclosing an electric heater. Voltmeter. 
Ammeter. Variable resistor. Thermocouples and galva- 
nometer. Vacuum-jacketed cylindrical vessel. Mechanical 
and mercury diffusion vacuum pumps (optional). Calipers. 

Discussion 

As an alternative to the method of Exp. 14, the radiation 
constant can be determined accurately from the electric 
power supplied to a copper sphere to maintain its temperature 
at a certain value when it is losing heat by radiation only. 

A hollow, blackened copper sphere is provided with an 
electric heater and a thermocouple and is suspended inside 
a closed Dewar flask. Power is supplied at a constant rate 
until the thermocouple indicates an equilibrium temperature 
T. The sphere is then radiating as fast as it receives heat. 
Hence 

f = (1) 

The power El is calculated from voltmeter and ammeter 
readings. is the temperature of the walls surrounding 
the sphere. J is the mechanical equivalent of heat. 

If vacuum pumps are available, the space between the 
sphere and the vacuum- jacketed container may also be 
evacuated. This eliminates heat loss by convection and 
improves the accuracy of the experiment. 
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EXPEBIMENT 16 

Surface Temperature Measurement 

Object 

Comparison of various methods of measuring surface 
temperatures in the range 25°C. to S50°C. 

Apparatus 

Electrically -heated test plates. Current controller. Volt- 
meter. Ammeter. Dewar flask. Two mercury thermom- 
eters calibrated for total and partial immersion respectively. 
Several types of commercial surface thermocouples. Poten- 
tiometer. Thermocolors. 

Discussion 

An experimental comparison of the precision obtainable 
with various methods of measuring surface temperatures 
requires a surface whose temperature can be controlled and 
measured accurately. This is provided by the electric 
heater illustrated in Eig. 170. A resistance wire R is wound 
in a flat spiral, insulated with asbestos paper A. and clamped 
between two iron plates F measuring approximately SO cm. 
square and 0..5 cm. thick. Temperatures are indicated by 
iron-constantan thermocouples, the iron plate serving as 
one element of the couple. A leg extending from one plate, 
to the bottom of which a constantan wire is welded, serves 
as the reference junction which may be immersed in an ice 
bath. 

For a given heater current, the heat loss from the plates 
may be calculated from 

1 = 08^^ W 

Here E is the voltage and I the current in amperes supplied 
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to the heater, and A is the surface of one face in cm.^ Using 
thermocouple leads 1 and 3 the temperature T i of the inner 
face of the iron plate may be measured accurately. The 



temperature of the outer face is readily calculated if the 
thickness I and conductivity k of the iron plate are known, 


T - T ^ ™ 

kAt AASX^Ak 


m 


The calculated difference between the temperatures of 
the inner and outer faces of the plate will be found to be 
negligibly small. Hence a thermometer or thermocouple 
placed in contact with the outer face of the plate might be 



353 


Experiments 

expected to indicate a temperature equal to Ti. Actually 
the temperature indicated will be somewhat lower. The 
chief sources of this error are: (i) the presence of a gas film 
causing a temperature drop between plate and instrument, 
(ii) heat conduction along the instrument, especially if it 
has a large cross section and (iii) radiation from the instru- 
ment, especially if it has considerable exposed area. The 
design of instruments for measuring surface temperatures 
accurately is largely concerned with the reduction of these 
sources of uncertainty. 

Procedure 

Compare the temperature readings of total and partial 
immersion mercury thermometers held in contact with the 
plate in a manner suited to their immersion requirements. 
Try both upright and horizontal positions for the ther- 
mometers. Loss of heat from the thermometer bulbs may be 
decreased by a thin covering of paste made from asbestos 
and oil. 

Observe the temperature indicated by several types of 
commercial surface thermocouples in contact with the plate. 
Or, alternatively, construct a thermocouple of No. 28 gauge 
wires and one of No. 20 gauge wires, fasten to the surface of 
the plate with asbestos paste and compare the temperatures 
indicated. 

A constantan wire is spot welded to the iron plate. The 
wire leaves this junction in a shallow channel cut in the plate, 
making good thermal contact with the plate but insulated 
electrically from it except at the weld. Compare the tem- 
perature indicated by this thermocouple (leads 2 and 8, 
Fig. 170) with those indicated by the other instruments. 

Thermocolors are temperature-sensitive paints which 
change color, reversibly or irreversibly, at one or more 
definite temperatures. Spot several paint samples on the 
iron plate and check the temperature data supplied for them 
by the manufacturer. 
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In reporting the results of this experiment, obtained at 
different plate temperatures, xise graphical comparisons 
wherever possible. 

EXPERIMENT 17 

Measurement of Flame Temperature 

object 

Measurement of the temperature of a luminous flame 
by a spectroscopic line-reversal method. Comparison of 
results with those of other available methods. 

Apparatus 

Burner with sodium-coloring attachment. Spectroscope. 
Broad-filament tungsten lamp. Optical pyrometer. Ther- 
mocouples. Potentiometer. 

Discussion 

Strictly speaking, measurement of any thermodynamic 
property of a system may be made, and a definite meaning 
attached to the result, only when the system is in complete 
equilibrium. Obviously gases burning turbulently in an 
open flame or in an engine are not in complete equilibrium. 

If anything approaching instantaneous thermal equilib- 
rium exists, it is important to have a method of measuring 
temperatures the response of which will be instantaneous. 
To obtain instantaneous values of effective temperature 
the thermometric substance must be distributed throughout 
the region whose temperature is desired, and must have a 
heat capacity negligible as compared with that of the sub- 
stances in combustion. These conditions can be satisfied 
by introducing a very small quantity of a thermometric 
substance which is easily vaporized. The temperature of 
this substance can then be found by comparing its brightness 
at any given wavelength with that of a continuous radiation 
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whose brightness tempera, ture at that wavelength is known. 
The amount of vapor present must be sufficient to reflect 
and absorb light according to Kirchhoff ’s law. This condition 
can be attained with extremely small quantities of vapor 
if comparison is made at a wavelength corresponding to some 
resonance radiation of the vapor. Under these circumstances 
investigation has shown that the thermometric substance 
has a negligible effect on the flame temperature. 

The method of temperature measurement just outlined 
is known as the line reversal method, and has been used 



Fig. 171. — Diagram of line reversal apparatus. (A. K. llershey and R, F. Paton, 
Bulletin No. 2(32 Engineering Ex'periment Station, University of Illinois.) 

extensively in measuring the temperature of a wide variety 
of flames. 

In Fig. "171, F represents a bunsen flame into which a 
metallic vapor such as sodium is introduced. The vapor must 
be that of an element whose resonance radiation is in a wave- 
length region w^hich can be easily observed. liadiation from 
the tungsten ribbon filament lamp at L passes through the 
flame to the slit of the spectroscope at The flame is 
practically transparent to radiation in the visible region 
except at X, the wavelength of the resonance radiation of 
the metallic vapor in the flame. 

Let {El)\ and {Ef)\ be the radiant energy at wavelength 
X from the lamp filament and the flame, respectively, and 
let ax be the absorptivity of the flame at the same wave- 
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length. The energy incident upon the slit of the spectroscope 
at this wavelength is iEF)x + (1 — ax)iEi,)\> assuming that 
reflection at the flame surface is negligible. If (Ef^ > 
a bright line will be observed, crossing the con- 
tinuous spectrum of the filament at X, If, however, {Ef)x < 
ax{EL)x a dark or reversed line will appear at this wavelength. 
For the particular case when (£li?)x — o:x(i^i)x neither the 
bright nor the reversed line will be seen, and the flame will 
be emitting as much energy of wavelength as it is absorbing. 
If the flame satisfies Kirchhoff’s law, then (Ef)\ hx = Ex, 
where Ex is the radiant energy of a perfect radiator at wave- 
length X, the temperature of this radiator being the same 
as that of the vapor in the flame. Therefore {Ei)x — Ex, 
and from Wien^s law the brightness temperature of the lamp 
filament Tl is equal to the true temperature T of the vapor 
in the flame. 

The brightness temperature of the lamp filament can be 
measured with an optical pyrometer so that the true tempera- 
ture of the flame can be readily determined. However, when 
the effective wavelength of the pyrometer screen is not the 
same as that of the resonance radiation of the vapor in 
the flame, it is necessary to make a slight correction for the 
variation in emissivity of the lamp filament between these 
two wavelengths. If ex is the monochromatic emissivity of 
the filament at wavelength X then 

1 1 _ X 

T T I. ^ 

Evaluating this equation for the two wavelengths, and 
eliminating T we have, 

1 Xi Xa 1 , I 

ijxa C2 Ca U L)Xi 

where Xi is the effective wavelength of the pyrometer screen 
and Xa the wavelength of the radiation from the vapor. The 
pyrometer measurement gives the value of {T l)xi, the con- 
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staiit C 2 is the same for all temperatures, the emissivity for a 
tungsten filament is known over a wide range of wavelengths 
and temperatures, and hence the value of {Tl)u which is equal 
to the true flame temperature T can be calculated. 

Procedure 

Using apparatus arranged as in Fig. 171, determine the 
temperature of a laboratory flame by the line reversal method. 
Make the appropriate correction for the different emissivities 
of the filament at the effective wavelength of the pyrometer 
screen (0.65/.6) and the wavelength of the resonance radiation 
(5893 A. for sodium vapor). 

Observe the temperature of the flame with an optical 
pyrometer and an auxiliary source, following the method 
iliiistrated by Fig. 129. 

Finally, estimate the temperature of the flame by placing 
in it bare thermocouples of successively smaller diameter 
wires and extrapolating the indicated temperature to zero 
wire diu, meter. 

Account for the discrepancies in the results of these three 
methods of flame temperature measurement. Discuss the 
reliability of flame temperature measurements. 

EXPERIMENT 18 

Pyrometric Cones 

Object 

Investigation, of the response of pyrometric cones to 
heat treatment. 

Apparatus , ' 

Furnace. Thermocouple pyrometer. Optical pyrometer. 
Pyrometric cones. 



Temperature Measurement 


358 

Procedure 

Outline an experimental procedure for investigating the 
following characteristics of a series of pyrometric cones; 

1. Accuracy of the softening temperature calibration when 
heated at the specified rate. 

S. Uniformity of similar cones. 

3. Effect of rapid and slow heating rates on the softening 
temperature. 

4. Response of cones to oxidizing and reducing atmos- 
pheres. 

After the outline of the proposed procedure has been 
approved by the instructor, carry out the experiment. Use 
graphs in yom* report, where possible, to indicate the sig- 
nificance of the observations. 

EXPERIMENT 19 

Simple Fuel Calorimeter 


Object 

To obtain the heating value of coal and fuel oil samples. 
Apparatus 

Cussons fuel calorimeter. Oxygen cylinder with reducing 
valve. Woulffs bottle. Thermometer. Balance. Samples 
of coal and fuel oil. Sulphur. 

Discussion 

Figure Yl% represents an elementary form of fuel calori- 
meter. It consists of a copper tube around which is wound 
a spiral of small-bore copper tubing, the whole being immersed 
horizontally in a water bath. The bath is surrounded and 
supported on heat insulating material. 

Combustion is carried out in the horizontal tube. The 
fuel is measured into a porcelain, quartz or nickel boat, 
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which is introduced into the tube at the open end into which a 
copper plug is afterward inserted. The products of com- 
bustion are expelled through small holes in the coil and 
bubble through the water. A continuous stream of oxygen 
at low pressure is introduced through the inlet tube to secure 
steady and complete burning. With the exception of the 
combustion boat the whole apparatus is made of copper, so 
that the water equivalent may be determined readily. 



Fig. 172. — Simple fuel calorimeter. (6. CJusmna, Ltd.) 


From the rise in temperature ti — U produced in the 
calorimeter by the combustion of M grams of fuel the heat of 
combustion may be calculated : 


(ir-f 

M 


( 1 ) 


W is the weight of water in the bath, B is the water equivalent 
of the apparatus and Cw is the thermal capacity of water. 


Procedure 

Spread the fuel sample evenly along the combustion boat. 
If a liquid is used, introduce a little kaolin to absorb it. 
Insert the boat for most of its length in the tube. Place a 
bit of sulphur on the fuel and ignite it. Immediately push, 
the boat to the center of the tube, cap the tube and immerse 
it. Read the thermometer. Adjust the oxygen supply 
to give a slow, steady bubbling of the exhaust gases. Take 
temperature readings at intervals of about one minute. 
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From the initial and maximum temperatures observed, 
calculate the heat of combustion for the sample. 

EXPBKIMENT 20 

Oxygen Bomb Calorimeter 

Object 

Determination of the heat of combustion of a fuel with 
an oxygen bomb calorimeter. 

Apparatus 

Parr oxygen bomb calorimeter with accessories. Ther- 
mometer. Tank of compressed oxygen. Electric timer. 
Analytical balance. Pan scales. Graduate. Three beakers. 
Burette. Wash bottle. Methyl orange. Sodium carbonate. 
Benzoic acid. Coal sample. 

Discussion 

One of the most important tests of material used primarily 
for fuel is the determination of the amount of heat generated 
by the complete combustion of unit mass of the material. 
This quantity, called the heat of combustion, is commonly 
expressed in calories per gram, large Calories per kilogram or 
B.t.u. per pound. 

Instruments employed for this type of measurement are 
known as calorimeters. They are of two distinct types, 
depending upon whether they are designed for testing solid 
and liquid samples or for testing gases. The calorimeter 
used in this experiment is of the first type. Gas calorimetry 
is discussed in the next experiment. In all commonly used 
calorimeters a known weight of the sample is burned com- 
pletely in an apparatus which permits the heat developed by 
the combustion to be absorbed by a definite mass of water. 
From the rise in temperature of the water it is possible to 
calculate the number of heat units liberated. In calorimeters 
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for solid and liquid samples, complete combustion is insured 
by use of oxygen gas under pressure or tbe use of sodium 
peroxide as the oxidizing agent. 

An oxygen bomb calorimeter consists of three essential 
parts: (i) the bomb or container in which the sample is 
burned, (ii) the calorimeter vessel or bucket, containing a 



Fig. 173. — Section of oxygen bomb calorimeter. {Parr Instrument Co.) 

measured quantity of water in which the bomb, stirring 
device and thermometer are immersed, and (iii) the jacket, 
for minimizing heat transfer between the calorimeter and 
its surroundings. These parts are illustrated in Fig. 173. 

The bomb and its mechanically-sealed cover must with- 
stand normal working pressures of 100 to 150 atmospheres 
and maximum pressures up to about 600 atmospheres (8820 
lbs. /in. 2). Nitrogen of the' air and any sulphur present 
in the sample burned are converted into acids which, with 
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the excess oxygen at high temperature, form a corrosive 
atmosphere which will etch ordinary metals. In early forms 
of bombs a lining of platinum, gold, enamel or nickel was 
used to retard corrosion. In the Parr instrument the bomb 
is made of a proprietary alloy, illium. 

The accuracy of calorimetric measurements is largely 
dependent upon the accuracy with which calorimeter tem- 
peratures are read. Either a Beckmann or a solid-stem 
mercurial thermometer is commonly used. The small range 
of a Beckmann thermometer (5° Centigrade), together with 
the need for applying several corrections for each test, 
usually offsets the advantage of finer graduations in that 
type of thermometer. For general calorimetric use a solid- 
stem thermometer is preferable. This may be about S4 
inches long and cover the range from 65°F. to 90°F. in units 
of 0.05°F. When readings are taken with a lens tempera- 
tures can be estimated to the nearest 0.005°F. Each ther- 
mometer is generally supplied with an individual certificate 
showing in chart or tabular form the corrections to be applied 
to its scale readings. 

When a calorimeter is at a higher temperature than its 
surroundings it loses heat, and when at a lower temperature 
it gains heat from the surroundings. In making precise 
calorimetric measurements it is essential to minimize this 
source of error. In addition to insulating the calorimeter, 
there are several methods of diminishing further the error 
due to radiation. 

In Rumford’s method a preliminary trial is made to 
ascertain the approximate rise in temperature. The cal- 
orimeter is then cooled half this number of degrees below 
room temperature, Tr, before the next experiment. Then 
the amount of heat gained by the calorimeter during the 
time its temperature is below Tr partially compensates for the 
amount lost by it while its temperature is above 1%, This 
compensation is only approximate, owing to the fact that the 
rate of increase of temperature with time, dT Idt, diminishes 
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rapidly as the calorimeter and its surroundings approach 
thermal equilibrium. Hence the calorimeter remains a 
longer time above the temperature of its surroundings than 
below, and receives a net heat gain. 

Rowland’s method (Ferry’s modification) of making a 
radiation correction is illustrated by Fig. 174. The curve 
ABDE represents the successive temperatures of a calorimeter 
which has the same temperature as its surroundings at C. 
The corrected initial and final 
temperatures, h and /, are ob- 
tained by producing AB and ED 
to intersect the vertical through C. 

Then the temperature change, 
corrected for radiation, is given 
by hf. It will be noted that this 
graphical method is based upon 
Newton’s law of cooling, and 
hence its validity is limited to 
small differences in temperature, 
of the order of 20°C. This is not a serious limitation in most 
calorimetric work. Rowland’s method may be employed 
even when Tr does not lie between the initial and final calorim- 
eter temperatures, 

Dickinson’s ‘‘60%’’ method, to be used in this experiment, 
is similar to that of Rowland except that the intersection m 
(Fig. 175) of the vertical and the heating curve is taken at a 
time when the calorimeter has reached 0.6 of its final 
temperature. This may be justified as follows. It should be 
possible to find a time tm such that the radiation correction A 
may be written: 

A ^ a {T — To)dt = nitm. — ti) = - O (1) 

where ?’i and are the rates of cooling at times ti and U, 
respectively, corresponding to the time of firing the charge and 
the time the final temperature is attained, a is the cooling 



Fig. 174. — ^Rowland’s method. 
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constant for the calorimeter. Geometry suggests that the 
condition expressed in Eq. 1 is satisfied if tm is so chosen that 
the shaded areas between the curve and the lines Tx and 
are equal on either side of it. If the curve is plotted it is a 
simple matter to locate tm. Experience has shown, however, 
that the position of tm wdth respect to ti and ty is remarkably 
constant for a combustion calorimeter used with sufficient 
stirring. The line tm crosses the temperature-time curve 



always at nearly the same relative position. This experi- 
mental fact suggests the following calculation. 

If heat generated in the bomb were all distributed instantly 
to the walls of the bomb, giving it a temperature Ti, the rise 
in temperature of the water would follow closely an exponen- 
tial expression obtained from integrating Newton’s law, 
dT/dt = k{T - n),U.: 

T - n(i - 

To satisfy the condition of equal areas given above: 

n X’ [1 - = jy 


( 2 ) 
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Integrating and simplifying, this becomes: 

If this is substituted in Eq. 2 one obtains the value T^. cor- 
responding to trn,: 

= n(i - = Q.mn (s) 

Thus if the time is observed when the temperature rise 
reaches 0.63 of its final value, this fime may be used as tm. 

Dickinson remarks that a large number of observations 
for which curves were plotted gave 0.57 to 0.62, always slightly 
less than that for the exponential curve. This may be 
attributed to the fact that the temperature rise does not begin 


instantaneously as 

assumed above. 

Sample Data 

and Calculations 


Time, 

Temperature, 


min. 



0 

74 . 825 


1 

74.830 


2 

74.835 


3 

74.840 


4 

74.845 

(a) 

5 

74.850 


5.25 

74.920 


5.50 

75.280 


5.75 

77.100 


6.0 

78.530 

{h) 

6.191 

79.506 


6.25 

79.810 


6.50 

80.610 


6.75 

81.220 


7.75 

82.290 


8.75 

82.510 


9.75 

82 . 605 
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Time, 

Temperature, 

min. 

°F. 

(c) 10.75 

82.610 

11.75 

82 . 605 

12.75 

82.600 

13.75 

82.590 

14.75 

82.585 

15.75 

82 . 565 


Thermometer corrections 


Initial reading: 74.850 Final reading: 82.610 

Scale correction: .001 Scale correction : .000 

Initial Temperature: 74.851 Final temperature: 82.610 
Observed temperature rise: 7.759°F. 

0.6 of rise in temperature: 4.655 
Temperature when 0.6 rise is attained: 79.507 
Time when 0.6 rise is attained: 6.191 min. 


(79.810 - 78.530) /15 = 0.0853°F. /sec. 

(79.507 - 78.530) /.0853 = 11.45 sec. = 0.191 min. 


Hadiation correction for initial period 

Duration of preliminary period {b — a): 6.191 — 5 = 
1.191 min. 

Rate of rise: fi = (74,850 — 74.825) /5 = 0.005°F. /min. 
Correction to initial temperature: riQ) — a) = (.005) 
(1.191) = 0.0059°F. 

Corrected initial temperature: 74.85()°F. 

Radiation correction for final period 

Duration of final period (c — b): 10.75 — 6.191 = 4.559 
min. 

Rate of fall: fa = (82,610 - 82.565) /5 = .009°F. /min. 
Correction to final temperature: f 2 (c — b) — (4.559)(.009) 
= 0.041°F. 

Corrected final temperature: 82.651°F. 
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Net corrected temperature rise: 7.795°F. = 4.331°C. 
Total water equivalent for calorimeter: Soil gm. 
Total lieat liberated: (Soll)(4.331) = 10,875 cal. 
Corrections: fuse wire: (10 — 1)(S.8) = S5.S cal. 
volume Na 2 C 03 used in titrating; 


3S ml. 

sulpliur: (1.4447) (0.015) (13S1) = 
total correction: 

Net heating value of coal sample: 
(10,875 - 86) /1.4447 = 


3S. 

S8.7 
85.9 cal. 

7,468 cal. /gm. 
= 13,44S B.t.u./lb. 


For a detailed discussion of the method of sampling coal 
the student is referred to the recommendation of the American 
Society for Testing Materials, published in the A.S.T.M. 
Volume of Standards for 1933. iVssuming that a coal 
sample has been obtained and pulverized, the procedure for 
determining its heat of combustion may be given conveniently 
in outline form. 

Procedure 

1. Weigh accurately about 1 gm. of coal in the fuel 
capsule. 

2. Attiich the fuse wire (10 cm.) and set the fuel capsule 
in place in the loop electrode. 

3. Wet the rim of the bomb cylinder with moist finger 
tips, set the cover in place, taking care not to upset the sample. 
Place the bomb in the bench socket and tighten the cap with a 
wrench. Fill the bomb with oxygen, slowly, to a gauge 
pressure of 20 atm. Screw the protective nut over the bomb 
check valve. 

4. Add 2000 gm. of water to the calorimeter bucket. 
The temperature of the water is to be adjusted so that the 
final temperature, after combustion, will not be more than 
VF. above room temperature. This means that the initial 
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temperature usually should be approximately 3°F. below 
room temperature. 

5. Place the bucket of water in the calorimeter, set the 
bomb in the bucket, attach the clip terminal of the firing 
circuit to the bomb, close the cover, insert the thermometer, 
attach the pulley and drive belt and start the stirring motor, 

6. Allow the stirrer to run for at least two minutes, then 
record thermometer readings at one-minute intervals for a 
period of five minutes, 

7. On the fifth minute, fire the charge by closing the 
ignition switch. Open the switch immediately after the 
pilot lamp ceases to glow. (Why.'*) 

8. Record the thermometer readings at 15-second inter- 
vals for two minutes after firing the charge. Then continue 
readings at one-minute intervals until five minutes after a 
maximum temperature is reached. 

9. Dismantle the calorimeter, release the residua] pressure 
and open the bomb. 

10. Remove carefully the pieces of the 10 cm. fuse wire 
which remain, and measure the combined length of the pieces. 

11. Rinse all inner surfaces of the bomb with distilled 
water and collect the washings in a clean beaker. Titrate the 
washings with a standard sodium carbonate solution using 
methyl orange indicator, to determine the amount of acid 
formed. 

An outline of the calculations required to give the heat 
of combustion from these data is given in the following 
paragraphs. 

1. Apply the proper scale and radiation corrections to 
the initial and final temperatures. 

S, Determine the total heat liberated by multiplying 
the net temperature rise by the total water equivalent of 
the calorimeter. 

3. Subtract from the total thermal units a correction of 
2.8 cal. for each cm. of fuse wire burned. 



369 


Experiments 

4. Subtract the correction for acids formed, based upon 
the titration. If a solution containing 3.658 gm. of NaaCOs 
per liter is used, the correction will be 1 cal. for each ml. of 
solution used in titrating. 

If the sample were free of sulphur, the correction here 
considered would be for nitrogen, each gram of which when 
oxidized in the bomb and absorbed in water to form HNO3, 
liberates 1035 cal. The amount of HNO 3 formed is measured 
by titration with NagCOs according to the reaction: 

fflNOs + NaaCOg -> ^NaNOa + H2CO3 

Most fuels contain sulphur which is oxidized and con- 
verted to H2SO4 in the bomb. When S in a fuel burns to 
SO2 in ordinaiy combustion it liberates 2162 cal. per gin. 
of S. But when, in the oxygen bomb, it burns to SO 3 and 
is absorbed in water to form H 2 SO 4 it liberates 4389 cal. 
per gm. Therefore, the combustion of S in the bomb liberates 
4389 — 2162 = 2227 cal. per gm. more than is liberated in 
normal burning, and correction must be made for that 
amount. When H2SO4 is present in the bomb washings the 
following reaction occurs during titration, in addition to the 
one above: 

H2SO4 + NaaCOg Na 2 S 04 + H2CO3 

liather than attempt to separate the HNO3 and the H2SO4 
to determine the amount of each, it is convenient to compute 
the acid correction based on the assumption that only H.NO3 
is present. However, the heat liberated by the formation 
of H2SO4 is greater than that liberated when an equivalent 
amount of HNO3 is formed. It is necessary to apply an 
extra correction for the heat generated by the H 2 SO 4 in 
addition to that which is accounted for in the titration (i.e., 
906 cal. per gm. of S). This additional correction is 2227 -- 



370 


Temperature Measurement 

906 = 1321 cal. per gm. of S. Subtract this correction 
together with that described in the first paragraph of (4). 

5. Having subtracted the foregoing corrections for fuse, 
acids and sulphur from the total thermal units, divide the 
remainder by the weight of the coal sample to determine its 
heat of combustion. 

A convenient form for data and calculations is given on 
page 366, When many determinations are to be made, cal- 
culations may be facilitated by the use of nomographs.^ 

The use of a calorimeter to determine the heat of com- 
bustion of a fuel requires knowledge of the total heat capacity 
of the calorimeter. This may be expressed conveniently in 
terms of the “water equivalent” of the calorimeter, which 
includes that of the container, the water, the bomb and its 
contents, and parts of the thermometer, stirring device and 
supports for the container. Rather than calculate or measure 
these individually, it is convenient to determine the total 
water equivalent of the calorimeter from the combustion of a 
known amount of a standard material whose heat of com- 
bustion is accurately known. 

Three materials are commonly used for standard com- 
bustion samples.^ In order of their suitability they are: 

1, Benzoic acid. Heat of combustion is about 6320 cal. 
per gm. This material is not very hygroscopic, burns easily 
and completely and may be compressed readily into pellets - 
for ease in handling. 

2, Naphthalene. Heat of combustion is about 9614 cal 
per gm. This material is rather volatile but not hygroscopic. 
Some care is necessary to avoid errors due to sublimation. 

3, Sucrose or cane sugar. Heat of combustion is about 
3949 cal. per gm. This material is neither volatile nor 
strongly hygroscopic, but it is difficult to ignite and occa- 
sionally does not burn completely. 

^ Van Instvumoni Company, Parr Oxygen Bovib Calorimetera ... , Moline, 111., 
19S8. 

Ohtainahlc from the National Bureau of Standards. 
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EXPERIMENT 21 

Gas Calorimeter 

Object 

Measurement of the heating value of gas in a water-flow- 
type gas calorimeter. 

Apparatus 

Sargent-type calorimeter. Gas meter. Pressure regula- 
tor. Pan balance, with weights. Two beakers. Four ther- 
mometers. Gas burner. Psychrometer. Gas Calorimeter 
Tables.! 

Discussion 

The total heating value of a gas refers to the number of 
heat units generated by the combustion of a unit volume of 
the gas. The volume is usually reduced to standard con- 
ditions: the volume the gas would occupy when saturated 
with water vapor at 60°F. and under a pressure equivalent 
to that of 30 inches of mercury at 32°.F. Recently there 
has been a tendency to express the heating value under 
,, conditions actually existing at the time of measurement of 
the gas for use. 

The net heating value of the gas is defi.ned as the total 
heating value less the heat of vaporization, at the initial 
temperature of the gas and air, of the water formed in the 
combustion of the gas. 

Gas is passed through a meter (Fig. 176) and pressure 
regulator and is burned in the calorimeter (Fig. 177). The 
temperatures of the gas as it enters the burner and the 
products of combustion as they leave the calorimeter are 
read on thermometers. A stream of water flows through the 
calorimeter jacket, its rate being controlled by a valve 

’ Nat. Bxir. Standards Circular C]^17. 
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and a constant-level reservoir, and is collected in a measuring 
vessel. Tliermometers are placed to read tlie temperature 
of the water as it enters and leaves the calorimeter. Water 
vapor formed by combustion of the gas condenses and is 
collected in a separate beaker. 



Fig. 176. — Wet test gas meter. {Preaision Scientific Instrument Co.) 


The heating value of the gas H is given by the equation 

MwCwit — t') — ~ tc) 

~ Y (t] 

F is the volume (reduced to normal standard conditions) of 
gas burned in a given time. is the weight of water passing 
through the calorimeter in that time, f and t are tempera- 
tures of the water entering and leaving the calorimeter. 
Ms is the weight of steam condensed; and to are the tem- 
peratures at which it condenses and that at which tJie con- 
densate leaves the calorimeter, is the mean thermal 
capacity of water, and its latent heat of vaporization. 
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The gas is assumed to be saturated with water after 
passing through the water in the meter and pressure regulator. 
The observed volume is multiplied by a factor to reduce it 
to standard conditions. The magnitude of this correction 
factor may be obtained (to 0.01%) from Table III in the Gas 
Calorimeter Tables. Or it may be calculated from the ideal 
gas laws: 

(P - E) (60 + 459.7) 

correction factor = 

where P is the total gas pressure, E the vapor pressure of 
water at PF. 

In a precise measurement of the heating value of a gas, 
the observed value must be corrected for humidity, heat 
loss, the effect of buoyancy of the air on the observed weight 
of water, and the difference between inlet-water temperature 
and room temperature. A discussion of these corrections 
and tables for evaluating some of them can be found in the 
Gas Calorimeter Tables. All tables in that publication have 
been computed for gas rates corresponding to 6000 B.t.ii. 
per hour and 40% of excess air. A well-fitted damper with 
two half -inch holes, when in the “closed” position will allow 
about 40% of excess air to pass through the calorimeter 
when gas is burned at 3000 B.t.u. per hour. 

Gas distributors are accustomed to base their rates on 
measurement of the heating value of the gas under the con- 
ditions in the meter. This gross heating value is given by 

^ - ( 17.64(7. - a) | 

i 460^5 ) 

where H — B.t.u. per cubic foot of gas. 

W ~ weight of water in pounds. 

V ~ volume of gas (cu. ft.) as shown by meter. 
h ~ height of barometer in inches of mercury. 
h ~ temperature of inlet water, °F. 

U — temperature of outlet water, °F. 
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tz — temperature of gas at meter, °F. 
a = pressure of water vapor in inches of mercury at 

Procedure 

With the gas valve at the burner closed, connect the gas 
supply through the meter and regulator. Notice whether 
the index of the meter moves. If it does, find the leak and 
remedy it. Start the flow of water through the calorimeter 
and then light the burner. Adjust the flow of water so the 
temperature change inside the calorimeter is about 15°F. 
Adjust the damper as mentioned above. 

While waiting for the establishment of a steady thermal 
condition, prepare a data sheet^ and record the preliminary 
observations : room .temperature, barometric pressure, pres- 
sure and temperature of the gas in the meter, wet- and 
dry-bulb readings on the psychrometer, and temperature of 
the combustion products. 

When all thermometers indicate nearly steady conditions, 
note simulataneously the meter reading and the inlet and 
outlet water temperatures. Immediately place bea.kers to 
receive the outlet water and condensate. Record thermom- 
eter readings every 30 seconds until about S liters of water 
have been collected. Then take a meter I'eading and remove 
the beakers. Determine and 31 s by weighing. Data 
are then available for calculating the heating value of the 
gas and. for making the necessary corrections. 

EXPERIMENT 22 

Thermal Analysis 

Object 

Comparison and interpretation of cooling curves for a 
binary alloy and for the pure metals. Verification of the 

“ Pads of data sheets similar to the form recommended by the Bureau of Staudards 
can be purchased from calorimeter supply companies. 
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essential features of the phase diagram for the Pb-Sii system. 
Thermal analysis of a Pb-Sn alloy of unknown composition. 
Practice in the use of a recording potentiometer. 

Apparatus 

Electric furnace. Variable transformer. Gas fiiimace. 
Crucibles containing: lead; tin; Pb-Sn eutectic mixture, 
6S% Sn; alloy of 10% Sn; alloy of 20% Sn; and alloy of 
unknown composition. Labeled rack for crucibles. Ther- 
mocouples with pyrex protectors. Precision potentiometer. 



Fig. 178. — Pb-Sn equilibrium diagram. (J. Stockdale, J. Inst. Metals, 49, 267 
(1932).) 

Becording potentiometer. 2 batteries. Standard cell. 2 
electric timers. Asbestos-lined iron pot. Crucible tongs. 
Ice-filled Dewar flask. 

Discussion 

An equilibrium diagram of the Pb-Sn system is given in 
Fig. 178. From the cooling curves obtained in the laboratory 
it is desired to verify the following: (i) the melting point of 
Pb, (ii) the melting point of Sn, (iii) the composition of the 
eutectic mixture and the eutectic temperature, (iv) existence 
of a solid solution, region II of Fig. 178, (v) the limit of solu- 
bility of Sn in Pb. 
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Tin has three allotropic forms: 7 , stable from 232 to 
161°; /3, stable from 161 to 18°; and a, stable below 18°. 
The influence of these transformations does not appear to 
justify including additional horizontal lines indicating phase 
changes in the Pb-Sn diagram. Cooling curves of alloys 
containing 18 to 62% Sn may show an exothermic halt about 
155°C. This was formerly included as a phase transforma- 
tion. Now the change is attributed to supersaturation 
followed by sudden precipitation. 

Temperatures at which changes of state occur are deter- 
mined by any of the methods discussed in Chap. XI i.e., 
(i) ordinary cooling curve method, (ii) inverse-rate method, 
(iii) differential method, or (iv) derived differential method. 

Procedure 

The recording potentiometer is used to obtain cooling 
curves for pure Sn and for pure Pb. Make the necessary 
external connections of battery and thermocouple to the 
potentiometer recorder. Standardize the potentiometer cur- 
rent and make any necessary internal adjustments only 
under supervision of the instructor. Heat one of the samples 
in the gas furnace. When molten, insert a thermocouple, 
protected by a pyrex tube. Turn off the gas and obtain a 
cooling curve, leaving the specimen in the furnace. 

With the recording potentiometer in operation and 
requiring little attention, obtain cooling data for each of the 
remaining samples. 

Finally, determine the composition of the unknown sample 
by comparing its phase change temperatures with the Pb-Sn 
phase diagram. To find on which side of the eutectic com- 
position it lies, consult the instructor or make a rough deter- 
mination of the density of the alloy. 

1. On a Pb-Sn phase diagram, indicate (with colored 
lines) those features which you verified in the laboratory. 

2 . At the side of your Pb-Sn phase diagram, draw qualita- 
tive examples of cooling curves (temperature vs. time) that 
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would be obtained in cooling alloys of the following com- 
positions: (a) 100% Pb, (b) 100% Sn, (c) 62% Sn and (d) 
85% Sn. 

3. A Pb-Sn alloy of 10% Sn is cooled from 350°C. to 0°C. 
Indicate ail transitions that occur and the temperatures at 
which they occur.' 

4. For each of the areas that have been numbered (I-VI) 
in Fig. 178 state the number of phases present, the number of 
components, and identify the latter. 

EXPERIMENT 23 

Coefficient of Viscosity of a Gas 

Object 

Determination of the viscosity of air at different tempera- 
tures by a constant volume method. Practice in the use of 
thermoregulators. 

Apparatus 

Flask, capillary tube and mercury manometer, water 
bath, thermometer, heater, stirrer and thermoregulator. 
Cathetomer. Timer. 

Discussion 

In the laminar (stream line) flow of a fluid the force F 
in the direction of flow acting on an area perpendicular to 
the direction is proportional to the area A and to the velocity 
gradient dv j dr across the stream : 

( 1 ) 

is characteristic of the fluid and depends upon temperature. 
The coefficient of viscosity tj is expressed in dyne sec. cm.~^ 
or poises. Kinematic viscosity is the ratio of viscosity to 
density. 
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Poiseuille’s formula for the flow of a liquid in a cylinder, 

gives Q, the volume of fluid passing any cross section in 
unit time, in terms of the radius R., the length L, the difference 
between the pressures at the ends, Pi — P2 and the coefficient 
of viscosity 17. In the case of a gas the rate of flow past 
any section depends on the pressure there. Eq. 1 may, 
however, be applied to an element dx of the tube and then 
integrated. If this is done the relation^ obtained is 




(7rPV8PF)P^ 

+R Pi - 

Pi + P P2 - 


( 3 ) 


where V is the constant volume of gas at the entrance of the 
tube, Pi and Pi are the pressures at the entrance of the 
capillary at the beginning and end of t seconds of observation, 
respectively, and P is the atmospheric pressure. 

The essential apparatus is sketched in Fig. 179.^ An 
adjustable mercury column A is connected by flexible rubber 
tubing and a short section of glass tube with a ground glass 
joint to an inverted flask V of volume 300 ml. In an opening 
in the side of the glass tube is inserted one end of a capillary 
tube C. The other end of the capillary is fitted into a larger 
tube provided with a stopcock 8. Air can be compressed 
in V by raising column A, and allowed to escape through the 
capillary for a time t. The volume of gas in the flask is 
kept constant by adjusting the column A to keep the mercury 
level at the fiducial mark F. 

To permit measurement of the coeflScient of gas viscosity 
at different temperatures, the flask and capillary tube are 


^ Sec, for exarnple, B. L. Worsuop and H. T. Flint, Advanced Practical Physics 
for Students, New York: E. P. Dutton, 1923, pp. 174-7. 

- R. L. Weber, *4m.encaTi. Physics Teajcher 7, 163 (1939), 




Fig. 179. — Diagram of viscosity apparatus. 


Fig, 180. — Details of constant temperature bath. 
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immersed in water contained in a copper-lined wood box. 
The temperature of the water bath is adjusted by a knife- 


type immersion heater, a bimetallic thermoregulator and a 
stirring motor (Fig. 180 ). Two glass windows cemented over 
circular openings in the sides of the tank permit observation 


of the fiducial mark F, a small lamp being placed behind one 
window to provide illumination. 


Experiments 
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The capillary tubing should be tested for uniformity 
of bore by measuring the length of a short (1 cm.) thread of 
mercury at different positions in the tube. Its radius is 
then found indirectly by filling the tube with mercury and, 
from the weight and density of the mercury, calculating the 
volume of the capillary bore. The volume F of the flask is 
found by inverting it and filling it with distilled water to the 
reference mark F. 

The following observations are needed: temperature of 
bath; cathetometer readings on mark F, on the mercury sur- 
face in the manometer at the beginning of a run, on that 
surface at the end of the run; time of flow; and barometric 
pressure. These data, together with the constant of the 
apparatus /8.LF), are sufficient to determine the vis- 
cosity rj from Eq. 3. 

By using ice for the lowest temperature, measurements 
can be made over the temperature range from 0°C. to about 
60° C. Values obtained for the coefficient of viscosity may be 
compared with Sutherland’s formula'* expressing its depend- 
ence on temperature, 

l\ + c(TY 
~ r + c Vn) 

where for air Sutherland’s constant c = li20 and riu = 182'2.6 
X lo-k 

EXPERIMENT 24 

The Curie Temperature of Nickel 

Object 

A qualitative investigation of variation of ferromagnetic 
susceptibility with temperature. Determination of the Curie 
point for nickel of commercial purity. ^ 


^International Critical Tables {1929), vol. 5, p. 1. 



382 


Temperature Measurement 


Apparatus 

Nickel sample, iV (Fig. 181). Furnace F. Thermocouple 
TC. Portable potentiometer P. Transformer T. Two vari- 
able transformers F. Copper-oxide rectifier CR, Ammeter 
Ai. Milliammeter A 2 . Galvanometer C. Two 10,000-olini 
dial decade resistance boxes Ri and Pa- Mercury ther- 
mometer. Timer. 



Discussion 

It is the purpose of this experiment to investigate the 
variation of ferromagnetic susceptibility with temperature. 
Without necessarily adopting a particular theory of the 
mechanism of ferromagnetism,^ we may picture a magiietized 
ferromagnetic material as composed of magnetic “carriers” 
aligned as in Fig. 182a. If the sample is heated, we might 
expect the thermal motion, imparted to the molecules would 

^ Sec, for example, C. E. Stoner, Magnetism and Matter, London: Methuen, 
1934 . ... 
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affect the molecular alignment, and with sufficient tempera- 
ture rise would destroy their orderly state, resulting in the 
condition suggested by Fig. 1826. If there is a definite 
relationship between the energy of the magnetized state and 
the thermal energy necessary to remove the magnetism, this 
loss of magnetism should occur at a definite temperature 
for each material. P. Curie found (1895) that each ferro- 
magnetic substance lost its ferromagnetism at a certain 



Fig. 182 /j. — M agnetic carriers in random orientation. 

temperature, and that thereafter the small remaining sus- 
ceptibility was inversely proportional to the temperature. 
That is, ferromagnetic materials become paramagnetic above 
the Curie tcmj)erature. Recent values for some Curie 
temperatures are: iron, 770 ±5°C.; cobalt, 1120 ±20°C.; 
nickel 358 +2°C. 

Procedure 

If the sample of nickel is included as part of the magnetic 
circuit of a transformer, a simple method suggests itself 
for finding the Curie temperature of the nickel. As the nickel 







384 Temperature Measurement 

is heated a constant alternating current is maintained in the 
transformer primary. Any change in the secondary current 
is then an indication of a change in the characteristics of the 
magnetic circuit. When the nickel loses its ferromagnetism 
there will be a marked decrease in the secondary current. 


Connect the apparatus according to Fig. 181. The a.c. 
from the transformer secondary is changed to d.c. by a copper- 
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Fig. 183. — Curie point apparatus: details of furnace and transformer. 

oxide rectifier CR and measured with a galvanometer G. 
The temperature of the nickel sample N is obtained with a 
calibrated thermocouple connected to a potcmtionieter P, 
Connect the electric furnace through an ammeter and 
variable transformer to the a.c, line. Connect the primary 
of the transformer through a milliammeter and variable trans- 
former to an a.c. source. When connections have been 
completed, set the galvanometer resistance P <2 to 10,000 
ohms, the turn on the primary current and adjust it to 
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0.5 amp. It is important that the current be kept constant 
throughout the experiment. 

Check the zero reading of the galvanometer by setting 
the shunt resistance Ri to zero. Then by adjusting Ri 
bring the galvanometer to approximately half-scale reading. 
Turn on the furnace heating current. Notice and explain 
any immediate change in galvanometer reading. 

Galvanometer readings will increase gradually as the 
furnace temperature rises to about 320-340°C., then decrease 
over the range 330-370°C., and finally begin to increase again 
for still higher temperatures. Potentiometer and galvanom- 
eter readings should be taken at intervals of about 25° C. 
up to 320°C. and then at 5°G. intervals. It will be well 
to turn off the furnace current momentarily while taking 
readings. (Why?) 

After the furnace has reached a temperature of about 
380°C. the heating cun’ent should be turned off and readings 
continued as the furnace cools. Plot a graph of galvanometer 
deflection vs. temperature for both increasing and decreasing 
temperatures. Indicate clearly the Curie point (or region) 
on each curve. Discuss any displacement of one curve with 
respect to the other. 

On what basis would you explain the hysteresis or lag 
in the return of ferromagnetism to the nickel as the tempera- 
ture decreases? 

Changes in what other physical properties could be used 
to locate the Curie point of a metal ? 

A Jackson-Russell alloy of Fe-Ni-Cr-Si can be made with 
its Curie point at any temperature by varying its composition. 
Suggest how such an alloy could be used to protect generators 
from overheating, for automatic fire alarms, for air condi- 
tioning control and for controlling the temperature of a 
small laboratory furnace. 




Appendix 

Tables 

1. Physical constants. 

2. Temperature interconversion tables (°C <-> ®F.). 

3. The chemical elements. 

4. Platinum to platinum + 10% rhodium thermocouple 

rc.). 

5. Platinum to platinum + 10% rhodium thermocouple 

rp.). 

6. Platinum to platinum + 13% rhodium thermocouple 

rc.). 

7. Platinum to platinum + 13% rhodium thermocouple 

m. 

8. Chromel-Alumel thermocouple (°C.). 

9. Chromel-Alumel thermocouple (°P.). 

10. Copper-constantan thermocouple (°C.). 

11. Copper-constantan thermocouple (°F.). 

12. Iron-constaiitan thermocouple (°C.). 

13. Iron-constantan thermocouple (°F.). 

14. Thermal e.m.f. of important thermocouple materials 
relative to platinum. 

15. Thermal e.m.f. of some alloys relative to platinum. 

10. Electrical resistivity as a function of temperature. 

17. Spectral emissivity of materials, surface unoxidized. 

IS, Spectral emissivity of oxides. 

19. Total emissivity of metals, surface unoxidized. 

20. Total emissivity of miscellaneous materials. 

21. True temperatures corresponding to various emissivities 
and various brightness temperatures. 

22. Properties of tungsten. 

23. Relative humidity from wet- and dry-bulb thermometer 
readings. 

24. Pressure of saturated water vapor. 
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TABLE I* 

Phy>sical Constants^ 

Wien-Planck constants ci = (3.732 ± 0;006) X 10“® erg cm.^ sec.-^ 

C 2 = 1.436 ± 0.001 cm, deg. 

X„r = (2892 + 2) X 10-4 cm. deg. 

= (5890 ± 4) X 10^ deg.-i sec.-i 

Stefan-Boltzmann 

constant cr = (5.70 ± 0.2) X 10"® erg sec.-^ deg,—* 

Velocity of light c = (2.9978 + 0.0002) X 10*“ cm. sec.-* 

Faraday constant F = (2.8926 ± 0,0003) X 10“*'* (esu) mole"* 

Ice point To = 273.165 + 0.015°K.2 

Gas constant R — (8.3142 + 0.0010) X 10*' erg deg.-* mole"* 

R = 1.98714 ± 0.00019 cal. deg."* mole-* 
Boltzmann constant k = (1.380 + 0.002) X 10“*® erg deg.-* 

Electronic charge e — (4.800 ± 0.004) X 10-*“ (esu) 

Specific electronic 

charge e/m ~ (5.273 ± 0.002) X 10**' (esu) g-* 

Planck’s constant h == (6.61 ± 0.01) X 10--** erg sec. 

h/e — (1.377 ± 0.001) X 10-** erg see. (esu)”* 

Least mechanical 

equivalent of light i/ = (151 ± 1) X 10“® watt (“new” lumen)"* 
Conversion factors 1 Int. olim = 1.00048 Abs. ohm 
1 Int. volt = 1.00034 Abs. volt 
1 Int. ampere = 0.99986 Aba. ampere 
1 calorie == 4.1833 Int. joule 
1 calorie = 4.1841 Abs. joule 
Avogadro’s number N ~ 6.0244 X lO^® 

Loschraidt’s number N = 2.6878 X 10*“ 

* Unless otherwise eredited, these tables are taken by permission from Tempera- 
ture — Its Measurement and Control in Science and Industry. New York; Reinhold. 
1941. 

* H. T. Weasel, J'. jRMfiarc/i iVaU'/lMr. Stodttrds, 22, 373 (1939). 

P. D. Rossini, “ ... Constants being used by .. . the National Bureau of 
Standards, as of January 1, 1939.” 

I. A. Beattie in ‘'Temperature — Its Measurement and Control ...” p. 87; 
see also Aatorr, 145,597 (1940). 
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TABLE II 

Tempeuatctbe Interconversion Tables (°C.< >°'F.) and Melting 

Points of the Chemical Elements^ 


Conversion table: degrees centigrade to degrees Fahrenheit 



Examples; 1347°G. = 24-14“F. + = 2456.6°?. 336T°F. = 1850°C. + 2.78-0. = 18.'>2.78°G. 

1 Nat. Bur. Standards luise, pub. Ml26 (1037). 
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TABLE II. — (Continued) 

Conversion table: degrees Fahrenheit to degrees centigrade 
(Single boldface figures indicate recurring decimals) 



Examples: -21f).0°P. = -ISll^C. - 3,33‘'C. = -154.44'’C. 

3702°?. = 2071. 1“C. + l-l^C. = 2072.2°C. 

2423.5°F. = 1326.66“C. + 1.66°C. + 0.27°C. = 1328.01°C. 
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TABLE H.~-{Continued) 
°Rto°C. 


“ F . 

0 

10 

20 

30 

40 

50 

60 

70 

80 

00 



C 

C 

C 

c 

C 

c 

c 

C 

C 

C 


'!70(1 

2037.7 

2043.3 

2048.8 

2054.4 

2000.(5 

2005.6 

2071.1 

2070.6 

2082.2 

2087.7 


)800 

2093.3 

2098.8 

2104.4 

2110.0 

2115.6 

2121.1 

2120.6 

2132.2 

2137.7 

214,3.3 


saoo 

2148.8 

21.54.4 

21(50.0 

21(55.6 

2171.1 

2176.6 

2182.2 

2187,7 

2193.3 

2198.8 


4000 

2204.4 

2210.9 

2215.6 

2221.1 

2220.6 

2232.2 

2237.7 

2243.3 

2248.8 

22,54.4 


1100 

22( i 0.0 

22(55.6 

2171.1 

227(5.6 

2282.2 

2287.7 

2293.3 

2298.8 

2304.4 

2310.0 


4300 

2315.5 

2321.1 

232(5.6 

2332.2 

23.37.7 

2343.3 

2348.8 

23.54.4 

2300.0 

23(55.6 


4300 

2371.1 

2370.6 

2382.2 

2387.7 

2393.3 

2398.8 

2404.4 

2410.0 

2415.5 

2421.1 


4400 

2420.6 

24.32.2 

24,37.7 

2443.3 

2448.8 

24.54.4 

2460.0 

2405.6 

2471.1 

2476.6 


4500 

2482.2 

2487.7 

2493.3 

2498.8 

2504.4 

2510.0 

2515.5 

2.521 . 1 

2526.6 

2.532.2 


4000 

3537.7 

2543.3 

2548.8 

2554.4 

25(50.0 

25(56.5 

2571.1 

2,570.6 

2582.2 

2587.7 


4700 

2593.3 

2698.8 

2004.4 

2610.0 

2615.6 

2621.1 

2620.6 

2682.2 

2637.7 

2643.3 


4800 

2048.8 

2054.4 

2(560.0 

2065.5 

2(571.1 

2076.6 

2082.2 

2087.7 

2693.3 

2698.8 


4900 

2704.4 

2710.0 

2715.6 

2721.1 

2726. 6 

2732.2 

2737.7 

274.3.3 

2748.8 

2754.4 


"C 

5000 

2700.0 

2705.6 

2771.1 

2776. 6 

2 m . 2 

2787.7 

2793.3 

2798.8 

2804.4 

2810.0 



5100 

2815.6 

2821.1 

282(5.6 

28.32.2 

2837.7 

2843.3 

2848.8 

2854.4 

28(50.0 

2865.6 

1 

0..5 

520(1 

2871 . 1 

287(5.6 

2882.2 

2887.7 

2893.3 

2898.8 

2904.4 

291().{] 

2915.6 

2921,1 


1.] 

5300 

2920.6 

29.32.2 

2937.7 

2943.3 

2948.8 

29.54.4 

2900.0 

29(55.5 

2971.1 

297(5.6 

3 

1.6 

5400 

2082.2 

2987.7 

2903.3 

2998.8 

3004.4 

.3010.0 

3015.6 

3021 . 1 

3020.6 

3032.2 

4 

2.2 

550(1 

3037.7 

3043.3 

4048.8 

3054.4 

30(50 . (! 

30(55.5 

3071.1 

3076.6 

3082.2 

3087,7 

5 

2.’! 

5000 

3093.3 

3098.8 

3104.4 

,3110.0 

3115.6 

,3121.1 

3120.6 

3132.2 

3137.7 

3143.3 

0 

3.3 

5700 

3148.8 

.31.54.4 

31(50.0 

3105.6 

3171.1 

3170.6 

3182.2 

3187.7 

3193.3 

3108.8 

7 

3.8 

5 S 00 

3204.4 

3210.0 

3215.5 

3221.1 

3226.6 

3232.2 

3237.7 

.3243.3 

.3248,8 

3254.4 

8 

4.< 

5900 

3200.0 

3265.6 

3271.1 

327(5.6 

.3282.2 

3287.7 

329.3.3 

3298,8 

3304.4 

,3310.0 

9 

S.f 

0000 

3315.6 

3321.1 

3.320. 6 

3332.2 

3337.7 

3.343.3 

3.348.8 

.3354.4 

3300.0 

33(55.6 


6100 

3371 . 1 

337(5.6 

3382.2 

.3.387.7 

3393.3 

3398.8 

.3404.4 

3410.0 

3415.6 

3421.1 


( i 300 

3420.6 

.3432.2 

.3437.7 

.3443.3 

3448.8 

34.54.4 

.3400.0 

3405.6 

.3471.1 

347(5.6 


0300 

3482.2 

3487.7 

8493.3 

3498.8 

3.504.4 

3510.0 

3515.6 

3521.1 

352(5.6 

3532.2 


0400 

3537.7 

3.543.3 

8.548.8 

.35.54.4 

3560.0 

350.5.6 

.3571.1 

3,570.6 

3582.2 

3587.7 


0500 

3593.3 

3.598.8 

3(504.4 

3(510.0 

.3(515.6 

.3(521.1 

3(520. 6 

3032.2 

3(5.37.7 

3(543.3 


0000 

3( i 48.8 

3(554.4 

30(50.0 

3(5(55.6 

.3(571.1 

307(5.6 

3082.2 

3087.7 

8(593.3 

8(598.8 


0700 

3704.4 

3710.0 

3715.5 

3721.1 

3726.6 

3732.2 

3737.7 

3743.3 

3748.8 

37.54.4 


0800 

3700.0 

37(55.6 

3771.1 

.3776.6 

.3782.2 

.3787.7 

.3793.3 

3798.8 

3804.4 

8810.0 


0900 

3815.6 

3821.1 

3826.6 

.3832.2 

3837.7 

3843.3 

3848.8 

.38,54-4 

3800.0 

3865.5 


7000 

3871 . 1 

387(5.6 

8882.2, 

8887.7 

3893.3 

.3898,8 

3904.4 

3910 . 0 

3915.6 

3921.1 


7100 

3920.6 

.3932.2 

3937.7 

.3943.3 

3948.8 

3954.4 

3960.0 

3905.6 

3971.1 

3976.6 


7200 

8982.2 

3987.7 

8993.3 

3908.8 

4004.4 

4010.0 

401.5.5 

4021.1 

402(5.6 

40.32.2 


7300 

4037.7 

4043.3 

4048.8 

4054.4 

4060.0 

4005.6 

4071.1 

407(5.6 

4082.2 

4087.7 


7400 

4093.3 

4098.8 

4104.4 

4110.0 

4115.6 

4121.1 

4120,6 

4132.2 

4137.7 

4143.3 


7500 

4148.8 

41.54.4 

41(50.0 

41(55.6 

4171.1 

4176.6 

4182.2 

4187.7 

4193.3 

4198,8 


7000 

4204.4 

4210.0 

4215.6 

4221.1 

4226.6 

4232.2 

4237.7 

4243.3 

4248.8 

42.54,4 


7700 

42(50.0 

42(55.6 

4271.1 

4276.6 

4282.2 

4287.7 

4293.3 

4298.8 

4.304.4 

4310.0 


7800 

4315.6 

4321.1 

42.36.6 

4,332.2 

4337.7 

4343.3 

4348.8 

43.54.4 

4360.0 

4305.6 


7900 

4371.1 

4370.6 

4382.2 

4387.7 

4393.3 

4398.8 

4404.4 

4410.0 

4415.5 

4421.1 
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Temperature Measurement 

TABLE III 

The Chemical Elements: Theib Atomic Numbers, Symbols, and 
Weights, and Their Melting Points on the International 
Temperature Scale ^ 

[For International Temperature Scale see Bur. Standards J. Research 1, 
635 (1928) IIP22] 

Temperatures below — 190°C. are on the Centigrade Thermodynamic 
Scale, 

The atomic weights given constitute the complete list of the International 
Weights of 1936, as approved and reported by the Committee on Atomic 
Weights of the International Union of Chemistry. There is reason to 
believe that the following (unofficial) values may prove more nearly 
correct: Aluminum, 26.974; carbon, 12.009; gallium, 69.74. 


Atomic 

number 

Atomic 

symbol 

of 

Melting point, °C. 

Atomic 

weight 

89 



“lOOO 


13 

A1 

Aluminum i 

660.0 +0.1 ! 

26.97 

.I I 

Sb 

Antimon.v 

8.30.. 3 ±0.1 

121,76 

18 

A 

Argon 

-189.3 ± 0.5 

,39.944 

33 

As 

Arsenic 

*■814 

74.91 

56 

Ba 

Barium i 

704 ± 20 

137,30 

4 

Be 

Beryllium 

1280 + 40 

9.02 

8,3 

Bi 

Bismuth 

271.3 ±0.1 

209.00 

5 

B 

Boron 

2300 ± 300 

10.82 

33 

Br 

Bromine 

-7. 2, ±0.2 

70,910 

48 

Cd 

Cadmium i 

320.0 ± 0.1 ' 

112.41 

20 

Ca 

Calcium 

8.30 ± 20 

40.08 

6 

C 

Carbon 

3700 ± 100 

12.00 

58 

Ce 

Cerium i 

600 ± .30 

140.13 

65 

Cs 

Cesium - 1 

'28 ±2 

132.91 

17 

Cl 

Chlorine | 

i -101 + 2 

35,457 

24 

Cr 

Chromium 

1 1800 + 60 

1 52.01 

27 

Co 

Cobalt 1 

! 1490 ± 20 

58.94 

41 

Cb 

Columbuim | 

2000 + SO 

92.91 

29 

Cu 

Copper ] 

1083,0 ±0.1 1 

1 63., 37 

, 66 

Dy 

nyHproaiuni ' 



68 


Erbium. 


j 162,46 

1 167.64 

63 , 

pr 

Europium 


152.0 

9 

P 

Fluorine .j 

-223 ±10 

19.00 

64 

Gd 

Gadolinium 


137 3 

31 

Ga 

Gallium. 

20.78 ± 0.02 

69 .’72 

32 

Ge 

Germanium. 

958 ± 10 

72.60 

79 

Au 

Gold 

1063.0 ±0.0 

197,2 

72 ■ 

' Hf 

Hafnium. 

1 "1700 

178.0 

2 

He 

Helium. ... . ........ 

i •-•-271.4 + 0.2 

4.002 

67 

Ho 

Holmium 


16.3 . .3 

1 

H 

H.vdrogen 

-2,39.2 + 0.1 

1 . 0078 



Hj (normal). 

-2,39.2 ± 0.1 




HD..... : ... 

-256.5 ± 0.2 




Du (normal). 

-254.5 ±0.2 : 


61 

H ■ . 

Illinium 



49 

; In,' . 

Indium. 

1 156.4 ± 0,1 

114.76 

33 

■ I' ' 


' 114 +1 

126.92 

77. 


Iridium. ................................... 

2454 ± 3 

193.1 

: 26 

Fe ", 

Iron. , . 

1535 ■ + 3 , 

56.84 

36 ■ : 


Krypton. ...... .'. . . ; ...1 . . , , ( , . ; 

-157 ±0.5 

83,7 
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TABLE III. — (Continued) 


Atomic 

Atomic 

symbol 

Name of element 

Melting point, °C. 

Atomic 

weight 

07 

La 

Lanthanum 

826 + 5 


82 

Pb 


327.4 + 0.1 

207.22 

3 

Li 

Lithium 

186 + S 

6.940 


Lu 




■ 12 


Magnesium 

650 + 2 

24.32 

25 

Mil 

M.inganesc .. 

1260 +20 

54.9,3 

43 

Ma 

1 Maaunum 

'■2700 


80 

Hg 

McKU.y 

-38.87 + 0.02 

200.61 

42 

Mo 

.MnlyrKienum 

2625 ± ,50 

96.0 

60 

Nd 

Neodymium 

840 ±40 

144.27 

10 

Ne 

Neon 

-248.6 + 0.3 

20.183 

28 

Ni 

Nickel 

145.5 + 1 

58.60 

7 

N 

Nitrogen 

-210,0 ±0.3 

14.008 

76 

Os 

Osmium . 

2700 ± 200 

191. 5 

8 

0 

Oxygen 

’ -218.8 ± 0.3 

16.0000 

46 

Pd 

Palladium 

1554 ± 1 

106.7 

16 

P 

Phosphoru.s, Y 

44.1 ± 0.1 

31,02 



Phosphorus, R 

4590 


78 

Ft 

Platinum 

177S.5 ± 1 

195.23 

84 

Po 

Polonium 

“000 


19 

K 

Pota.ssium 

6.8 ± 1 

89.096 

69 

Pr 

Pra.seodymium 

940 ± 50 

140.02 

91 

Pa 

Protactinium 

“3000 

231 

88 

B.a 

Radium 

700 

226.05 

86 

Rn 

Radon 

-71 

222 

75 

Rc 

Rhenium 

•‘.3000 

186.31 

46 

Rh 

Rhodium 

1966 ± 3 

102.91 

37 

Rb 

Rubidium 

.31) ± 1 

85,44 

44 

Ru 

Rutlienium 

2500 ± 100 

101,7 

62 

Sm 

Samarium 

>1300 

150.43 

21 

Sc 

Scandium 

1200 

45 . 10 

34 

Sc 

Selenium 

220 ±5 

78,06 

14 

Si 

Silicon 

1430 ± 20 

28.00 

47 

Ag 

Silver 

960.5 ±0.0 

107.880 

11 

Na 

Sodium 

07.7 ± o.a 

22,997 

38 

Sr 

Strontium 

770 ± 10 

87,63 

16 

S 

Sulfur: 


32.06 



Monocliiiic 

119.2 ± 0.2 




Rliombic 

112.8 ± 0.2 


73 

Ta 

Tantalum 

3000 ± 100 

180,88 

32 

Te 

Telliinum 

450 ± 10 

127,01 

66 

Tb 

Terbium 

327 ± .5 

159.2 

81 

T1 

Thallium 

300 ± 8 

204.39 

90 

Th 

Thorium 

1800 ± 1.50 

232,12 

(SO 

Tm 

Tliulium 


169.4 

50 

Sii 

Tjn 

2.31 .9 ±0.1 

118,70 

22 

Ti 

'ritanium 

1820 ± 100 

47.90 

74 

W 

Tungsten . 

8410 ± 20 

184.0 

92 

IT 

Uranium 

“8600 

238.14 

23 

V 

Vanadium . 

17.35 ± 50 

50.05 

54 

Xe 

Xenon . 

-112 ± 1 

131.3 

70 

Yb 

VfpspKiMrvi 


173.04 

39 

Y 

Yttrium - 

1490 ± 200 

88 .02 

.30 

Zn 

Zinc . 

419.6 ± 0.1 

65 . 38 

40 

Zr 

Zirconium 

1750 ± 700 

91.22 

85 


Element 85 

“250 


87 


Element 87 

“23 



“ Computed. At 30 atmospheres. ' At 30 atmospheres. ^ At 43 atmospheres. 
1 Nat. Bur. Standards misc. pub, M126 (1037). 
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Temperature Measurement 


TABLE IV 

Plat. vs. Plat. + 10% Rhodiltm Thermocouple^ 
Degrees Centigrade, Reference Junction 0°C. 
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TABLE IV. — {Continued) 

too'-. ' I "loob^ I 1100 ° ) 1200 ° I 1300 ° I 1400=^ I 1150^ 7' I I 





Temperature Measurement 

TABLE V 

Plat, vs. Plat. + 10% Rhodium Thermocoupi 

Degrees Fahrenheit, Reference Junction 32°F, 


1.060 1.521 
1.082 1..544 
1.105 1.568 


1.106 1.664 
1.218 1.688 
1.241 1.712 
1.264 1.736 
1.287 1.760 
1.310 1.784 
1.333 1.808 


1..380 1.857 
1.403 1,881 
1.426 1.006 


.204 .575 
.221 ..505 
.00313 .00.374 


6.307 6.808 
6.330 0,028 
6.360 0.058 


4.235 4.780 
4.263 4. .8 17 
4 .200 '4.845 
4', 318" 4.873 


4.373 4.920 
4.400 4.9,57 
4.428 4.985 
4.455 ~ 5.013' 
4.483 5,042 
4.511 5.070 


0.5 12 7.107 
6.542 “ 7.1.37 
6.. 571 7.167 


6.630 7.228" 

6.600" ‘ 7.258 

' O.'eOO " '7 ."288" 


6.868 7.469 

6.898 7'.'50'(r~ 

.00591 .00602 
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TABLE Y. —{Continued) 


Deg. P. 

1600“ 

1700“ 

1800“ 

1900“ 

2000“ 

2100“ 

2200“ 1 

2.300“ 

0“ 

8.112 

8.734 

9.365 

Milli 

10.007 

volts 

10.657 

11.310 

11.977 

12.642 


8.143 

8.705 

9.397 

10.039 

10.690 

11.349 

12.010 

12.675 

“~ lo “ 

8 . 174 

8.790 

9.429 

10.071 

10,723 

11,382 

12.043 

12.708 

15“ 

8.205 

8,827 

9.401 

10.103 

10.7,50 

11.415 

12.070 

12.741 

20“ 

8 . 230 

8.8,59 

9,493 

10.1.30 

10.789 

11.448 

12 a 10 

12.775 

25° 

8.207 

8.890 

9., 525 

10,108 

10.822 

11.481 

12.143 

12.808 

30° 

8.298 

8,922 

9.557 

10.201 

10.8.55 

11.514 

12.177 

12.841 

85“ 

8.329 

8,958 

9.589 

10.233 

10.887 

11.. 547 

12.210 

12.874 

40” 

8.800 

8.985 

9.621 

10.260 

10.920 

1 1 . 580 

12.24.3 

12.907 

45“ 

8.391 

9.010 

9.653 

10.298 

10.953 

11.61.3 

12.276 

12,941 

50° 

8.422 

9.048 

9.685 

10.331 

10.986 

11.640 

12,310 

12.974 

55° 

8.453 

9,079 

9.717 

10.303 

11.019 

11.679 

12,343 

13.007 

00“ 

8.484 

9.111 

9.749 

10.. 396 

11.052 

11.712 

12.376 

13.040 

65“ 

8.515 

9.143 

9.781 

10.428 

11.085 

11.745 

12.409 

13.074 

70° 

8.540 

9.175 

9.813 

10.481 

11.118 

11,778 

12.442 

13,107 

75” 

8.577 

9.200 

9,845 

10.493 

11.151 

11.811 

12.475 

13.140 

80“ 

8.009 

9.238 

9.877 

10.520 

11.184 

11,844 

12.509 

13.173 

85“ 

8.040 

9.270 

9.909 

10.558 

11.217 

11.877 

12.542 

13.906 

90" 

8.071 

9.302 

9.942 

10.591 

11.2.50 

11.911 

12.575 

13.239 

95”' 

8.702 

9.333 

9.974 

10.624 

11.983 

11.944 

12.608 

13.279 

100“ 

8.734 

9.305 

10.007 

10.6.57 

11.310 

11,977 

12.042 

13.305 

M.V. pel-^PT 

.00022 

.00031 

.00042" 

. 00650 

.006.59 

.00601 

. 00665 

. 00063 


Deg. F. 2400” I gSOO” j 2(!00“ j 2700” j 2800“ | 2000“ j 3000° j 8100“ 


0“ 

13.306 

13.908 

14.699 

Milh 

15.288 

15.943 

16.596 

17,247 

17.892 

5” 

13.339 

14.001 

14.062 

15.321 

15.976 

10.629 

17,270 

17.925 

10“ 

13 , 372 

14.034 

14.(595 

15.3.53 

10.009 

10.001 

17. .311 

17.957 

1.5“ 

13.405 

14.067 

14.728 

15.886 

16.042 

10.004 

17,344 

17-089 

20° 

13.438 

14.100 

14.761 

15.418 

16,074 

10,726 

17.. 370 

18.021 

■ 25“ 

13.472 

14.1.33 

14.794 

15.451 

16.107 

16,759 

17,408 

— 

.30“ 

13.505 

14,160 

14.830 

15.484 

16.139 

16,791 

17,440 


35” 

13,538 

14.200 

14,859 

15.617 

16.172 

16,824 

17.473 

— 


13, 671 

14.233 

14.892 

15.5.50 

16.205 

10.850 

17.503 

— 

4.5° 

13,604 

14.26(5 

14.925 

15.583 

16.238 

10.889 

17 , .538 

— 

50“ 

13.637 

14.200 

14.958 

15. 015 

16.270 

10.922 

17.670 

— 

55“' 

IS .'670 

14,3.32 1 

14.991 1 

15,648 

16,303 

10.9.55 

17.602 

— 

1 60“ 

13.703 

" 14.306 

16.024 

15.680 

16.335 

10,987 

17.634 

— 

05“ 

13.787 

14.398 

15.0,57 

15.713 

16,368 

17,020 

17.6(57 

' — 

1 70“ 

13,770 

14,431 

15.090 

15.746 

16.401 

17.0.52 

17.(599 

— 

1 . 7.5” 

13.803 

14,40 T 

15.123 

15.779 

16.4.34 

17.085 

17.7.31 

— 

80” 

13 .' sJto " 

14.497 

15.150 

15.812 

16.406 

17.117 

17.7(53 

— 

86“ 

13.869 

14 , 530 

16.189 

16.845 

16.490 

17,1.50 

17.796 

— ■ 

90° 

18.903 

14,663 

16.222 

15.878 

16 . 531 

17.182 

17.828 

— 

95 

13.935 

14.596 

16.265 

15.911 

16 . 504 

17.215 

17,8(50 

— 

100“ 

13.968 

14.029 

16.288 

16.943 

16.. 596 

17,247 

17.892 

— 

M.y. per “F. 

. 0000.3 

.00661 

.00669 

.00655 

.000.53 

.00051 

. 00645 

. ooe 4 i 
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Temperature Measurement 


TABLE VI 

Plat. vs. Plat. + 13% Ehodiitm Thermocouple’- 
Degrees Centigrade, Reference Junction O'^C. 


I)eg.“icr” 

0*- 

100“ 

200“ 

300“ 

400“ 

500“ 

600“ 

700“ 

800'* 

0 

0.000 

.646 

1.464 

'2.394 

Millivolts 

3.398 

4.4.54 

5.561 

6.720 

7.927 

2 

.011 

. 661 

1.482 

2.414 

3.419 

4.476 

5.. 583 

6.743 

7.951 

•1 

.022 

.676 

1.500 

2.433 

3.4.39 

4. -497 

5.006 

6.707 

7.976 

0 

.033 

. 691 

1.518 

2.453 

3.460 

4.519 

5.629 

6.791 

8.000 

8 

.044 

.706 

1.536 

2.472 

3.480 

4.540 

5 . 652 

6.815 

8.025 

10 

,050 

.721 

1..553 

2,492 

3.501 

4.. 562 

5.675 

0 . 839 

8.049 

12 

.007 

.7.36 

1,570 

2.512 

3.521 

4.. 583 

5.698 

0.802 

8.073 

. 14 

.079 

,752 

1.588 

2.. 531 

3.542 

4.605 

5.721 

6.886 

8.098 

16 

.090 

,767 

1.606 

2.551 

3.563 

4.627 

5.744 

6.910 

8.123 

18 

.102 

.78.3 

1.624 

2.570 

3.584 

4 . 049 

5.767 

6 . 934 

8.148 

20 

.113 

.798 

1.642 

2.590 

3.605 

4.671 

5.790 

6.9.58 

8.173 

22 

.125 

.81.3 

1.660 

2.609 

3.626 

4.693 

5.813 

6.981 

8.198 

24 

.137 

.829 

1.678 

2.629 

3.647 

4,715 

5,836 

7.005 

8.222 

26 

. 149 

.845 

1.696 

2.649 

3.668 

4.737 

5.8.59 

7,029 

8.247 

28 

.101 

.861 

1.714 

2.669 

3.089 

4.7.59 

5.882 

7.053 

8.271 

.30 

.173 

.877 

1.733 

2.689 

3,711 

4.781 

5.905 

7.077 

8.296 

39 

.185 

.893 

1.751 

2.709 

3,732 

4.803 

5.928 

7.100 

8.321 

.34 

.107 

.909 

1.770 

2.729 

3.7.53 

4.825 

5. 9)51 

7.124 

8.346 

30 

.209 

.925 

1.788 

2.749 

3.774 

4,847 

5.97-1 

7.1-48 

8.. 371 

38 

.221 

.941 

1.807 

2.769 

3.795 

4.869 

5.997 

7 , 172 

8.396 

40 

.234 

.9,57 

1 . 825 

2.789 

3.816 

4.891 

6.020 

7.196 

8.421 

42 

. 247 

.973 

1.8.44 

2.809 

3.837 

4,913 

6.043 

7 . 220 

8.446 

44 

,259 

.990 

1.802 

2.829 

3.858 

4.935 

6,066 

7.244 

8. -171 

46 

.272 

1.006 

1.881 

2.849 

3.879 

4.9.57 

6.080 

7 . 268 

8.496 

48 

.284 

1 . 023 

1 . 899 

2.809 

3.900 

4.979 

6.112 

7.292 

8.521 

50 

.297 

1.039 

1.918 

2.889 

3.921 

5.002 

6.135 

7.317 

8.546 

59 

.310 

1 . 0.5.5 

1 . 937 

2 . 909 

3.942 

5.024 

6.158 

7.. 341 

8.571 

54 

.324 

1.072 

1,955 

2.929 

3.963 

5.046 

6.181 

" 7.305 

8 . 596 

56 

.337 

1.088 

1.974 

2.9-19 

3.984 

5.068 

0.20-1 

7.389 

8.621 

.38 

.361 

1.105 

1.992 

2.969 

4.005 

5.090 

6,227 

7 . 413 

8.646 

00 

.364 

1.121 

2.011 

2.990 

4.027 

5.113 

6.251 

7.438 

8.071 

09 

.377 

1 , 138 

2.030 

3.010 

4,048 

5.135 

6,274 

7,462 

8.096 

04 

.391 

1.1.54 

2.049 

3,030 

4.069 

5.157 

6.298 

7.487 

8,721 

06 

.404 

1.171 1 

2.068 

3.050 

4,090 

5,179 

6. .321 

7.511 

8.746 

08 

.418 

1.187 

2.087 

3.070 

4.111 

5.201 

6.345 

7,. 536 

8.771 

70 

.431 

1.204 

2.106 

3.091 

4.133 

5.224 

6,. 368 

7.560 

8.796 

72 

■ .444 

[ ' 1.221 

2.125 

3.111 

4.154 

5.240 

6.301 

7.584 

1 8,821 

74 

1 .458 

1.238. 

2.144 

3.1.32 

4.175 

5.269 

6.415 

7,009 

8. ,347 

76 

.472 

1.255 

2.103 

3.152 

4.196 

5.291 

0.438 

7,633 

8.872 

78 

.480 

1 . 272 

2.18.2 

3.173 

4.217 

5.314 

6.462 

7.658 

8.898 

80 

.600 

! 1.290 

2.201 

3.193 

4.239 

5.336 

6,485 

7.682 

8.923 

89 

.514 

1..307 

2.220 

3.213 

4.260 

5 . 358 

6.. 508 

7.706 

8,948 

84 . 

.529 

1.324 

2.239 

3.234 

4.282 

5.381 

6. 532 

7.731 

i 8.973 

86 

.54.3 

1.341 

2.258 

3.254 

4.303 

5.403 

6.5.55 

7.755 

! '8.99'8 

88 

..5.58 

1.358 

“■2.277 

3.275 

4.325 

5.426 

6.579 

7.780 

i 9.023 

00 

.572 

1.376 ' 

2.297 

3.295 

4.346 

5.448 i 

6.602 

7.804 

9.049 

92 

.587 

1.394 

2.316 

3.316 

4.368 

5.471 

6.626 

7.829 

i) . 075 

94 

.002 

1.411 

2.336 

3.336 

4.389 

5.493 

6.649 

7 . 853 

9,100 

96 

.017 

1.429 

2.355 

3.357 

4.411 

5.516 

6.673 

7.878 

9,120 

98 

.632 

1 .446 

2.375 

8.377 

4.432 

5.538 

0.096 

7.902 

9,151 

100 

.640 

1.464 

2.394 

3.398 

4.454 

5.501 

6,720 

7.927 

9.177 

M.V. 
per °C. 

.00646 

.00818 

.00930 

.01004 

.01066 

.01107 

.011.59 

.01207 

.01250 


1 Leeds & Northrup Std. 21031. 

See also W. F. Roeser and H. T. Wensel, Bvr. Standards J, Research, 10, 275 (1988). 
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Temperature Measiirement 


TABLE VII 

Plat. vs . Plat. + 13% Rhodium Theemocouple^ 

Degrees Fahrenheit, Reference Junction 33°P. 


Deg. F. 

0° 

100° 

200° 

300° 

400° 

500° 

600° 

700° 





Mill! volt. s 




0 

-.0890 

.220 


1.030 

1.504 

2.012 

2.. 546 

3 . 102 

5 

- . 0750 

.237 

.017 

1.052 

1.528 

2.038 

2 . 574 

3.131 

10 

-.0021 

.255 

,037 

1.075 

1 . 553 

2,064 

2.001 

3.159 

1.5 

- . 0484 

.272 

.6.58 

i .098 

1.578 

2 . 090 

2.629 

3.187 

20 

-.0346 

.290 

.679 

1.121 

1.603 

2.117 

2 . 656 

3.210 

25 

-.0205 

.308 

.700 

1,144 

1.628 

2.143 

2 . 684 

3.244 

30 

-.0060 

.320 

.721 

1.168 

1.653 

2.169 

2.711 

.3.272 

35 

+ .0090 

.344 

.742 

1.191 

1.678 

2.196 

2.739 

3.301 

■10 

.0244 

.363 

.764 

1.214 

1.703 

2.22 S 

2.706 

3 . 329 

45 

.0399 

.381 

.785 

1 ,238 

1.728 

2.249 

2.794 

3.358 

50 

.0.555 

.400 

.807 

1 .262 

1.754 

2.276 

2.822 

3.387 

55 

' .0712 

.419 

.829 

1.285 

1.779 

2.803 

2.850 

3.415 

fiO 

.0871 

.438 

.851 

1.309 

1.805 

2.3.30 

2.878 

3,444 

05 

.103 

.457 

.873 

1.3.33 

1 . 830 

2.857 

2,906 

3,473 

70 

.119 

.477 

.895 

1.357 

1 . 856 

2.384 

2,934 

3.501 

, 75 

.130 

.490 

.917 

1.381 

1.882 

2.411 

2.962 

3 . 530 

80 

.152 

.510 

.939 

1.406 

1.908 

2.438 

2.990 

3.560 

85 

.169 

.536 

.902 

1.4.30 

1 . 93.3 

2.465 

3,018 

3 . 588 

90 

.186 

.5.56 

.984 

1.4.54 

1 . 959 

2.492 

3.046 

3.617 

95 

.203 

.576 

1.007 

1.479 

1.985 

2.519 

8 , 074 

3.640 

100 

.220 

.596 

1.030 

1..504 

2.012 

2 

.3 . 102 

3,075 

M.V. per “F. 

,00131 

.00376 

.00434 

.00474 

.00508 

, 00534 

. 00556 

. 00573 


Deg. F. 

800° 

900° 

1000° 

1100° 

1200° 

1300° 

1400° 

1500° 





Millivolts 




0 

3.675 

4.263 

4.867 

6.486 

0,122 

6.773 

7,438 

8.118 

6 

3.704 

4.293 

4.898 

5.517 

6.155 

6.806 

7.471 

8.152 

10 

8.733 

4.323 

4.928 

5.548 

0.187 

6,889 

7,505 

8 . 187 

15 

3.763 

4.3.53 

4.959 

5.. 580 

0,210 

6.872 

7,539 

8.221 

20 

8.792 

4.382 

4,990 

5.611 

6.251 

6.905 

7.. 573 

8.255 

25 

3.821 

4.412 

5.021 

5.643 

6.284 

6.9.38 

7.606 

8.200 

80 

3.850 

4,442 

5.051 

5.675 

6.316 

0.971 

7.040 

8.324 

85 

3.880 

4.472 

5.082 

5.706 

6., 348 

7 . 004 

7.674 

8,3.59 

40 

3.909 

4.502 

5.113 

5.738 

6.881 

7.037 

7.708 

8 , 393 

45 

3.938 

4.5.32 

5.144 

5.770 

6.413 

7,071 

7.742 

8.428 

50 

3.968 

4.562 

5.175 

5.802 

6.446 

7.104 

7,776 

8.403 

55 

3,997 

4.. 593 

5.206 

5.8.34 

6.478 

7.137 

7, 810 

8 , 497 

80 

4.027 

4.825 

5.237 

5.806 

6.511 

7.170 

7,844 

8.532 

05 

4.050 

4,6,53 

5 . aCB 

5.898 

6. S . t 4 

7.204 

7.878 

8.567 

70 

4.086 

4.684 

5.290 

5.930 

6.570 

7.2.37 

7.912 

8,001 

,75 

4,115 

4.714 

5.330 

5.962 

6,609 

7.270 

7.947 

8.636 

80 

4.145 

4.745 

5.361 

5.904 

6.042 

7.304 

7.981 

8,071 

85 

4.174 

4.775 

5.392 

6.026 

6.675 

7.337 

8.015 

8.706 

9 o : 

4.204 

4.806 

5.4.32 

6,0.58 

6.707 

7.371 

8.049 

8.741 

95 

4.2.34 

4.836 

5,454 

6.090 

6.740 

7.404 

8 . 084 

8.776 

100 

4.263 

4,867 

5,486 

6.122 

6.77.3 

7.438 

8.118 

8,811 

M.V. per °F. 

.00588 

. 00604 

.00619 

.00636 

.00651 

,00665 

.00680 

.00693 


1 Leeds & Northrup Std. 21031. 

See also W. P. Roeser and H. T. 'Wensel, Bur, Standards J. Research, 10, 275 (1933). 
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TABLE VII. — {Continued) 


Def?. F. 

1000” 

1700" 

1800“ 

1900" 

2000" 

2100° 

2200" 

2300” 





Millivolts 




0 

8.811 

9.518 

10.2.37 

10.970 

11.720 

12.478 

13.242 

14.010 

5 

8.840 

9.5.53 

10.274 

11,008 

11.758 

12.510 

13.280 

14.048 

10 

a . 881 

9.589 

10.310 

11.045 

11.706 

12.554 

13.310 

14.087 

15 

8.010 

9 , 025 

10.346 

11.082 

11.834 

12.592 

13.. 3.57 

14.125 

si ) 

8.051 

9.661 

10.383 

11.110 

11.871 

12.639 

13,396 

14.164 

35 

8 . 080 

9 . 090 

10.410 

11.1.57 

11.000 

12.668 

13.434 

14.202 

90 

9.031 

9 . 732 

10,455 

11.194 

11.047 

12.707 

13.472 

14.240 

!)5 

0.050 

9.708 

10.402 

11.231 

11.086 

12.745 

13.611 

14,279 

40 

9 . 092 

9.804 

10.528 

11.2( i 9 

12.023 

12.783 

13.. 549 

14.317 

45 

9.127 

9.840 

10.505 

11.306 

12.001 

12.821 

13,688 

14.355 

50 

9.102 

0.876 

10.002 

11.344 

12.098 

12.859 

13.626 

14.304 

55 

9,108 

0.012 

10.638 

11.381 

12.136 

12.898 

13.604 

14,432 

00 

9 . 233 

0.048 

10.075 

11.419 

12.174 

12.936 

13,703 

14.470 

05 

9,200 

0,984 

10.712 

11,4.57 

12,212 

12.974 

13.741 

14.609 

70 

9 , 304 

10,020 

10.749 

11.404 

12.250 

13.012 

13.780 

14,547 

75 

9.340 

10.056 

10.786 

11.. 532 

12.288 

13.051 

13,818 

14.585 

80 

9.375 

10.092 

10.822 

11.569 

12.326 

13.089 

18,8.56 

14 . 024 

85 

9,411 

10,129 

10.850 

ll .( i 07 

12.364 

13.127 

13.895 

14 , 662 

00 

9.440 

10.105 

10.896 

11.645 

12.402 

13.165 

13.923 

14.700 

05 

0,482 

10.201 

19.933 

11,683 

12.440 

13 . 204 

13.072 

14,739 

100 

9,518 

10.237 

10.970 

11.720 

12.478 

13.242 

14,010 

14.777 

M.V, pw ”F. 

. 00707 

.00710 

. 0073.3 

.00750 

■ .00758 

. 00764 

.00768 

.00767 

^ 

Deg. F. 

2400“ 

2500" 

2600" 

2700" 

2800" 

2900" 

3000“ 






Millivolts 




0 

14,777 

15.543 

10.300 

17.073 

17.833 

18.588 

19,342 

— 

5 

14.815 

15.581 

16.347 

17.111 

17.871 

18.026 

19,370 

— 

10 

14,854 

15,61!) 

16.. 385 

17.149 

17,900 

18,668 

10.417 


15 

14,802 

15.658 

16.423 

17.187 

17.947 

18.701 

10.456 

— 

30 

14.030 

15,60(1 

16.402 

17.225 

17.985 

18.739 

19.492 

— 

25 

14.000 

15.734 

16.500 

17.263 

18.022 

18.777 

19.. 530 

— . ■; 

:io 

15.007 

15.778 

10.538 

17.302 

18 . 000 

18.814 

10.567 

— 

85 

15.045 

15.811 

16., 576 

17.340 

18.098 

18.852 

10.605 

— 

40 

15.084 

15.840 

16.614 

17.378 

18,136 

18.800 

19,642 

— 

45 

15,122 

15.887 

16.053 

17.416 

18.173 

18.927 

19.{ i 80 


50 

15.100 

1.5.026 

16.091 

17.454 

18,211 

18.965 

19.717 

— 

55 

15.108 

15.064 

10.729 

17,492 

18.249 

19. 003 

19.755 

— 

00 

1.5.237 

16.002 

10.767 

17.630 

18.286 

19 , 040 

19.79.3 

— 

05 

15.275 

16.041 

16.805 

17.568 

18.324 

19.078 

19.830 

— 

70 

15.313 

10.079 

10,844 

17.008 

18, .302 

19.110 

19.868 

— 

75 

15.352 

16.117 

16,882 

17.643 

18.400 

19.154 

19.905 


80 

]5.;}90 

16.156 

16.920 

17.682 

18.437 

19.191 

19,048 

— 

85 

15,428 

16,194 

16.958 

17.720 

18.475 

19.229 

19,980 

— 

no 

15.400 

16.2.32 

16.996 

17.758 

18.513 

10.207 

20.018 

— ■ 

05 

15.505 

16.270 

17.035 

17.795 

18.550 

19.304 

20.055 


100 

15,543 

16.309 

17.073 

17.833 

18.. 588 

19.342 

20,093 

— 

M.V. per °F. 

.00766 

,00766 

.00764 

.00760 

.00755 

.00756 

.00751 





2 Temperature Measurement 


TABLE VIII 

Cheomel vs. Alumel ThEEMOCOUPLEI 
Degrees Centigrade, Reference Junction 0°C, 



J)0° —1.81 . 8 0 O.I!) 10. la M.2!> 

aa° --1.85 -i.oF ‘2.10 o.ai io.3!i u.a? ""ib.sh' 

54° — l.so' -3,00 3.18 0,39 10.31 ]4.45~ IB .OlT 

f)ti° -4.94 - 3.07 3.20 " __ 0.37 nTiU) 14.53~ ~~l 8~.'7r)~ 

a8° -4.99 -‘2.14 ‘2 . 34 0 . 4;> 10 . 47 14.02 18.84 

60° -3.03 -2.31 ^ 2 .43 0.53 10.30 14.71 __1S-0V 

02° -3.07 -2.28’ 2.31 6.01 10,04 14.79 19.02 

04° _ -3.11 -2.35 " 2.59 0.09 fo,72 14.88 “Ts'rTr 

00° _ -3.10 -‘2.41 ‘2.07 <r77 10.80 TiTo’o illT^T 

08° -3 .30 -‘2. 4'8 3.70 6.85 loTsO 13.03 19.28 

70° '”-.3.24'"’ “2. '33 '2.85 0.93 ” 10.97 15.13 19.36* 

72“ -3, ‘28 ■ -2.01 ‘’".'OO 7.01 11. (15 iri'.V” '”l9.44 

74° _ '-3.32* -‘2.08 ' '3, 01 7. 09 li'Tii ' 13.30 '_19^5j^ 



100° I -3.75 I —3.49 1 4.10 | '"S. 13 r 12.21 'j 'i'e.SO j 20.04 

AfV " ^ — 


jer°C. I I I .041 I .0403 | .0408 | ,0413 | .0425 

■Leeds & Northriip Bid. 21031 (values above 0®C). 

See also W. F. Roe.ser. A. I. DaM and G. J. Gnwona .T Kr,-/ 


Appendix 


TABLE VIII. — (Continued) 





404 Temperature Measurement 


TABLE IX 

CHBOMEIi VS. AliXJMEL THERMOCOUPLE^ 

Degrees Fahrenheit, Reference Junction 3S°F. 


I Deg. P. -200° 

-100“ 

-0“ 

0 . 

100° 

200° 

300° 

0° 

-4,29 

-2.65 

-0.68 

Millivolts 

-0.68 

1.52 

3,82 

6.09 

5° 

-4. .36 

-2.74 

- .78 

- .58 

1.63 

3,93 

0.20 

10° 

-4.43 

-2.83 

- .89 

- .47 

1.74 

4 . 05 

6.31 

15® 

-4.50 

-2.92 

- ,99 

- ..37 

1.85 

4.10 

6.42 

20° 

-4.. 57 

-3.01 

-1.10 

- .26 

1.97 

4.28 

6.53 

23° 

■ -4.04 

-3.10 

~i.6o 

— ,15 

2.08 

4.39 

6.64 

80° 

-4.71 

-3.19 

-1.30 

- .04 

2,20 

4.51 

6.75 

83° 

-4.78 

-3.27 

-1.40 

,07 

2.31 

4.62 

6.86 

40° 

-4.84 

-3.36 

-i.'so 

,18 

2.43 

4.74 

6.98 

46° 

-4.90 

-3.44 

-1.60 

.29 

2.54 

4.85 

7.09 

30° 

-4,96 

-3,52 

-1.70 

.40 

2.66 

4.97 

7.20 

55° 

-5.02 

-3,60 

-1 .80 

.51 

2.77 

5.08 

7.31 

80° 

-5.08 

-3. 68 

-1.90 

.62 

2.89 

5.19 

7.42 

65° 

-5,14 

-3.76 

-2.00 

.73 

3.00 

5,30 

7.53 

70° 

-5.19 

-3.84 

-2.09 

.84 

3.12 

5.42 

7.64 

75° 

-3,25 

-3.92 

-2.18 

.95 

3.24 

5.53 

7.75 

80° 

-3.30 

-4,00 

-2.28 

1.06 

3.36 

5.64 

7.87 

86° 

-5.36 

-4.08 

- 2.37 

1.17 

3.48 

5.75 

7. '98 

00° 

■ -5.41 

-4.1.5 

-2.47 

1.29 

3 . 50 

5.87 • 

8.09 

95° 

-5.46 

-4.22 

-2.. 50 

1.40 

3.70 

5.98 

8.20 

100° 

-5.. 51 

-4.29 

-2.65 

1.52 

3.82 

6.f)9 

8,31 

M.V. 

per °F. 





,023 

.0227 

.0222 

Deg. F 

400° 

500° 1 

600° 

700° 

800° 

[ 900“ 

1000° 

0° 

8.31 

10.56 

12.86 

Millivolts 

15.18 

17.52 

19.88 

22.25 

6° 

8.42 

10.07 

12.96 

15,29 

17.63 

20.00 

22.87 

10° 

8. .53 ! 

10.79 

13.08 

15.41 

17.75 

20.12 

22,49 

15° 

8.64 

10,90 

13. 19 

15.52 

17.87 

20.24 

22.60 

20° 

8.76 

11.02 

13.81 

15.64 

17.99 

20.36 

22.72 

^ 25° 

'■■'•8.87, 

11.13 ' 

13.43 

15,76 

18.10 

20,47 

22.84 

30° 

8.98 

11.25 

13.55 

15.88 

18.22 

20.50 

22.00 

36° 

9,09 1 

11.36 

13.67 

16.00 

18.34 - 

20.71 

23.08 

40° 

9.20 

11.47 

13.78 

16.11 

18.40 i 

20,83 

23.20 

:45° 

: 'O.sr; ! 

11.58 

13.89 

16.23 

18.58 1 

20.95 1 

23,32 

50° 

9.43 

11.70 

14.01 

16.35 

18.70 

21.07 

23.43 

, 55° 

■ 9,55 ' , 

11.81 

14.12 

16.47 

18.81 

r„ 21.18 

23.55 

60° 

! 9.66 

11.98 

14.24 

16.58 

18.93 1 

1 21.30 

23 . 07 

66° 

9.77. . 

12.04 

14.36 

16.70 

19.05 , 

. ^21.42 

23.79 

70° 

0,88 

12.10 

14.48 

16.82 

19.17 i 

21.54 . 

23.91 

■ 75° ■ 

9.99 

12, 2r 

14.60 

16.93 

19,29 

21.60 

24.02 

' ..:80° j 

; :10,11 

12.3'9 

14.71 

17.05 

19.41 

:21.78 

24.14 

85° 

10.22 

12.56 

14,83 

17.17 

19.52 i 

21.89 

24 . 26 

90° 

10.3.3 

12.62 

14.94 

17,29 

19.64 

22.01 

24 . 38 

■, ,9:6°', 

10.44 

12.73 

15.66 

17.40 

19,76 

22.13 

24 . 50 

100° 

10,66. 

12.85 

15.18 

17.52 

19.88 

22.25 

24.02 

■M.V. 
per °F. 

V .0225 

.0229 

,0233 

.0234 

.0236 

. 0237 

.0287 


' Leeds & Northrup Std. 21031 (values above 0°P). 

Sec also W. P. Roeser, A. I. Dahl and G. J. Gowens, J. Research Nat. Bur. Standards 14, 239 
(1936). 






406 


Temperature Measurement 


TABLE X 

COPPEE VS. CONSTANTAN ThEEMOCOUPLE ’ 
Degrees Centigrade, Reference Junction 0°C. 


Tem- 

perature 

(“C.) 

Electro- 

motive 

force 

(mv.) 

Tem- 

perature 

(°C.) 

Electro- 

motive 

force 

(mv.) 

Tem- 

perature 

(°C.) 

Electro- 

motive 

force 

(mv.) 

-200 

-5.539 

0 

0.000 

200 

9.285 

-190 

-5.378 

10 

.389 

210 

9.820 

-180 

-5.204 

20 

.787 

220 

10.360 

-170 

-5.016 

30 

1.194 

230 

10.905 

-160 

-4,815 

40 

1.610 

240 

11.455 

-150 

-4.602 

50 

2.034 

250 

12.010 

-140 

-4.376 

60 

2.467 

260 

12.571 

-130 

-4.137 

70 

2.908 

270 

13.136 

-120 

-3.886 

80 

3.356 

280 

13 , 706 

-no 

-3.623 

90 

3.812 

290 

14.280 

-100 

-3.349 

100 

4.276 

300 

14 . 859 

-90 

-3.063 

no 

4.747 

310 

15.443 

-80 

-2.765 

120 

5 . 225 

320 

16.030 

-70 

— 2.456 

130 

5.710 

330 

16.621 

-60 

-2.187 

140 

6.202 

340 

17.216 

-50 

-1.807 

150 

6.700 

350 

17.815 

-40 

-1.406 

160 

7.205 

360 

18.418 

-30 

-1.114 

170 

7.716 

370 

19.025 

-20 

-0.752 

180 

8.233 

380 

19 . 635 

-10 

-0.381 

190 

8.756 

390 

20.248 

0 

.000 

200 

9.285 

400 

20.865 


^ W. F. Roeser and A, I. Dahl, J. Research Nat. Bur. Standards, 20, 
337 (1938). 



Appendix 407 


TABLE XI 

Copper vs. Constanxan Thermocouple 
Degrees Fahrenheit, Reference Junction S2°F. 


'■f\'rnpera- 

ture 

E.m.f. 1 
(mv.) 

Tempera- 

ture 

m 

1 

(mv.) 

Tempera- 

ture 

m 

E.m.f. 

(mv.) 

Tempera- 

ture 

m 

E.m.f. 

(mv.) 

-300 

- 5.283 

0 

- 0.671 

300 

6 . 644 

600 

15.769 

-290 

- 5.184 

10 

- .464 

310 

6 , 924 

! 610 

16.096 

-280 

- 5,081 

20 

- .255 

320 

7.206 

620 

16.424 

-270 

- 4.973 

30 

- .043 

330 

7.489 

630 

16.753 

-260 

1 - 4,861 

40 

1 

+ . -172 

340 

7.774 

640 

17.084 

-250 

- 4.745 

50 I 

.390 

350 

8.061 

650 

17.416 

-240 

- 4.626 

60 

.610 

360 

1 8.350 

660 

17.749 

-230 

- 4,503 

70 

.832 

370 

8.640 

670 

18.083 

-220 

- 4.376 

80 

1.057 

380 

8.932 

680 

18.418 

-210 

- 4.245 

90 

1.285 

390 

9.226 

690 

18.754 

-200 

- 4.110 

100 

1.516 

400 

9.521 

700 

19.091 

-190 

- 3.971 

no 

1.750 

410 

9.819 

710 

19.430 

-180 

- 3.829 

120 

1.987 

420 

10.119 

720 

19.770 

- 170 

- 3.683 

130 

2,226 

430 

10.420 

730 

20.111 

- 160 

- 3.533 

140 

2.467 

440 

10.722 

740 

20.453 

-150 

- 3.380 

150 

2.711 

450 

11.026 

750 

20.796 

-140 

- 3.223 

160 

2.957 

460 

11.332 



-130 

- 3.062 

170 

3.206 

470 

11.639 



-120 

“ 2.898 

180 

3 . •457 1 

480 

11.948 



-no 

- 2.731 

1 S >0 

3.710 

490 

12.259 



-100 

- 2.560 

200 

3.966 

500 

12 . 571 



- 90 

- 2.386 

210 

4.224 

510 

12.885 



- 80 

- 2.209 

220 

4.484 

520 

13 . 200 



- 70 

- 2.028 

230 

4,747 

530 

13.516 



~ 60 

- 1 . 844 

240 

5 . 012 

540 

13 . 833 



- 50 

-1 .656 

250 

5.279 

550 

i 

14.152 



- 40 

- 1.465 

260 

5.548 

560 

14.472 



- 30 

- 1,271 

270 

5.819 

570 

14.794 i 



- 20 

- 1.074 

280 

6.092 

580 

15.118 



- 10 

- 0.874 

290 

6.367 

590 

15.443 



0 

- .671 

300 

6.644 

600 

15.769 




^ W. F. Rooser and A, I. Dahl, J. Research Nat,. Bur. Standards, 20, 037 (1938). 



408 


Temperature Measurement 


TABLE XII 

Iron vs. Constantan Thermocouple^ 

Degrees Centigrade, Reference Junction 0°C. 


Temperature 

(“C.') 

E.m.f. 

(mv.) 

Tempera- 
ture (“C.) 

E.m.f. 

(mv.) 

Tempera- 
ture ("C.) 

E.m.f. 

(mv.) 

ture (°C.) 

E.m.f. 



0 

0.00 

400 

22.07 

800 

45.72 



10 

0.52 

410 

22.62 

810 

46.. 37 



20 

1.05 

420 

23.17 

820 

47.03 



30 

1.58 

430 

23.72 

830 

47.69 



40 

2.12 

440 

24.27 

840 

48.. 34 



50 

2.66 

450 

24.82 

850 

49.00 



60 

3.20 

460 

25.37 

860 

49 . 66 



70 

3.75 

470. 

25.92 

870 

50.. 32 



80 

4.30 

480 

26.47 

880 

50 . 97 



90 

4.85 

490 

27.03 

890 

51.63 



100 

5.40 

600 

27.58 

900 

52.29 



no 

5.95 

610 

28.14 

910 

.52.88 



120 

0.51 

520 

28.70 

920 

53.47 



130 

7.07 

630 

29,20 

930 

.54.06 



140 

7.63 

640 

29.82 

940 

.54.65 



1.50 

8.19 

550 

30,. 39 

950 

55.25 



160 

8.75 

560 

30,96 

960 

56,84 



170 

9.31 

570 

31.53 

970 

56.48 



180 

9.87 

580 

32.11 

980 

57,03 



190 

10.43 

590 

32.69 

090 

.57.0.3 

-300 

-8.27 

200 

10.99 

600 

33.27 

1,000 

58.22 

-IflO 

-8.02 

210 

11.50 

610 

33.86 



-180 

-7.75 

220 

12.12 

020 

34.45 



-170 

-7.40 

230 

12.68 

030 

.36,04 



-100 

-7.14 

240 

. 13.23 

640 

35.64 



-130 

' - 0.80 

250 

13.79 

650 

.36,24 



-ito 

-0.44 

260 

14.35. 

660 

36.84 



-130 

-8.00 

270 

14.90 

070 

37.45 



-120 

-5.00 

280 

15.46 

680 

.38.06 



-110 

-5.35 

290 

16.01 

690 

38.68 



-100 

-4,82 

300 

16.56 

700 

.39,30 



- 00 

-4.38 

310 

17.12 

710 

39 , 93 



- 80 

-3.93 

520 

17.67 

720 

40.56 



- 70 

-3.47 

330 

18.22 

730 

41.19 



- 00 ; 

-3.00 

340 

18.77 

740 

41.8.3 



- 50 

.-2.52 

350 

19.32 I 

750 

42.48 



— 40 

-2.03, 

360 

19.87 

760 

43.12: 



- 30 

-1.53 

370 

20.42 ! 

770 

43,77 



- 20 

-l.OS 

380 

20.97 

780 

44.42 



- 10 

-0.62 

390 

■ .21.52.- 

- ■ ■■ . - 

790 

46.07 



0 

0,00 

400 

22.07 

800 

45.72 i 




I W. Roeser and A. I. Dahl, J. Research Nat. Bur. Standards, 20, 3.S7 (10,S8). 



Appendix 


TABLE XIII 

Iron vs. Constantan Thermocouple^ 

Degi*ees Fahrenheit, Reference Junction 32 °F, 


-11- 

liliicU’O- 

Tern- 

Eleeb'o- 

Tem- 

Electro- 

Tem- 

Electro- 

Tem- 


motive 

! pera- 

motive 

pera- 

motive 


motive 



foree 

lure 

force 

ture 

force 





(mv 

.) 


(mv.) 

(“F.) 

(mv.) 

(°P.) 

(mv.) 

(“F.) 




0 

-0.92 

500 

14,35 

1,000 

29.70 

1,500 




,10 

~ .03 

510 

14.65 

1,010 

30.01 

1,510 




1 20 

- .35 

520 

14.96 

1,020 

30.33 

1,520 




1 30 

- .06 

530 

15.27 

1,030 

30.04 

1,530 




40 

■+• .23 

540 

15.68 

1,040 

30.16 

1,540 




60 

.52 

560 

15.89 

! 1,050 

31 . 28 

1,550 




GO 

.82 

500 

16.20 

1,060 

31.60 

1,560 




70 

1.11 

670 

16.50 

1,070 

31 . 92 

1,570 




80 

1.41 

580 

16.81 

1,080 

82.24 

1,580 




90 

1.70 

590 

17.12 

1,090 

32.56 

1,5.90 




100 

2.00 

600 

17.43 

1,100 

32.88 

1,600 




110 

2.30 

610 

17.73 

1,110 

33,20 

1,610 




120 

2.60 

620 

18.04 

1,120 

83,53 

1,020 




330 

2.90 

630 

18.34 

1,130 

33.86 

1,630 




140 

[ 3.20 

040 

18,65 

1,140 

! 34.18 

1,640 




150 

3.50 

650 

18.95 

1,150 

34.51 

1,650 




100 

1 3.81 

600 

19.26 

1,160 

34.84 

1,000 




170 

4.11 

670 

19.56 

1,170 { 

35 . 17 

1,070 




180 

4.42 

680 

19.87 

1,180 

35.60 

1,680 




190 

4.72 

690 

20.18 

1,190 i 

36 , 84 

1,000 

100 

-7, 

,87 

200 

5.03 

700 i 

20.48 

1,200 

36.17 

1,700 

9)0 

-7, 

,72 

210 

5.34 

710 

20.79 

1,210 

36., 50 

1,710 

'HO 

-7, 


220 

5.04 

720 

21,09 

1,220 

36.84 

1,720 

170 

-7, 

,38 

230 

5.95 

730 

21,40 

1,230 

37.18 

1,730 

950 

~7 

.20 

240 ! 

6.26 

740 

21.70 

1,240 

37.62 

1,740 

i.'iO 

-7, 

,02 

250 

0.57 

750 

22.01 

1,250 

37.86 

1,750 

l-tO 

-0 

.83 

200 

6.88 

700 

22.31 

1,260 

38 . 20 

1,760 

•30 

-0 

,08 

270 

7.19 

770 

22.62 

1,270 

38 . 54 

1,770 

S-JO 

-0 

.43 

280 

7.50 

780 

22.02 

1,280 

38.88 

1,780 

no 

-0 

.22 

290 

7.81 

790 

23.23 

1,290 

30.23 

1,700 

!00 

~0, 

,01 

300 

8.12 

800 

23.63 

1,300 

30.58 

1,800 

00 

-5, 

.71) 

310 

8.43 

810 

23.84 

1,310 

39.93 


HO 

-5, 

,57 

320 

8.75 

820 

24.14 

1,320 

40,28 


70 

■ -S 

.34 

330 

9 . 00 

830 

24,45 

1,330 

40.68 


00 

-5, 

.11 

340 

9.37 

840 

24.75 

1,340 

40.98 


.^0 

-4 

.87 

350 

9.68 

850 

25.00 

1,3.50 

41.34 


:‘1() 

30 

,20 

10 

.00 

■90 

HO 

■70 

-4 

-4 

-4 

-3 

-3 

-3 

-S', 

-2 

,03 

.38 

.13 

.88 

,63 

.87 

.11 

.85 

300 

370 

380 

390 

400 

410 

420 

430 

10.00 

10.31 

10.02 

10.93 

11.24 

11.56 

11.87 

12.18 

860 

870 

880 

890 

000 

910 

920 

930 

25.37 

25.07 

25.98 

26.29 

26.59 

26.90 

27.21 

27.52 

1,360 

1,370 

1,380 

1,390 

1,400 

1,410 

1,420 

1,430 

41.60 

42 . 05 ; 
42 . 40 1 
42.70 : 

43.12 

43.48 

43.84 

44.20 


■00 

-2 

,58 

440 

12.49 

940 

27.83 

1,440 

44 . 56 


■00 

-2 

.31 

450 

12.80 

050 

28.14 

1,4,50 

44.92 


■10 

-2 

.04 

400 

13.11 

960 

: 28.45 

1,460 

45,28 


■30 

■ . -1 

.70 

470 

13.42 

970 

28.70 

1,470 

45.65 


■20 

-1 

.48 

480 

13.73 1 

980 

29.07 

1,480 

46,01 


-10 

-1 

.20 

490 

14.04 1 

990 

29.39 

1,400 

46.37 


0 

-0 

.92 

600 

, 14,35 

1,000 

29.70 

1,500 

46.74 



\V. F. Roeser and A. I. Dahl. J. Research Nat. Bur. Standards, 20, 337 (1938). 



410 


Temperature Measurement 


TABLE Xiyi 

Thermal E.m.p. of Important Thermocouple Materials .Relative to 
Platinum 


Temp. 

(°C.) 

Cliromel P 
(mv.) 

Alumel 

(mv.) 

Copper 

(mv.) 

Iron 

(mv.) 

Con.stantan 

(mv.) 

- 200 

- 3.36 

+ 2.39 

- 0,19 

- 2.92 

+ 5.35 

- 100 

- 2.20 

+ 1.29 

- 0.37 

- 1.84 

+ 2.98 

0 

0 

0 

0 

0 

0 

H- 100 

+ 2.81 

- 1.29 

+ 0.76 

+ 1.89 

- 3.51 

200 

5.96 

- 2.17 

1.83 

3.54 

- 7.45 

300 

9.32 

- 2.89 

3.15 

4.85 

-11.71 

400 

12.75 

- 3.64 

4.68 

5.88 

-16.19 

500 

16.21 

- 4.43 

6.41 

6.79 

-20.79 

600 

19 . 62 

- 5.28 

8.34 

7.80 

-25.47 

700 

22 . 96 

- 6.18 

10.49 

9.12 * 

-30.18 

800 

26.23 

- 7.08 

12.84 

10.86 

-34.86 

900 

29.41 

- 7.95 

15.41 

12.84 

-39.45 

1000 

32.52 

- 8.79 

18.20 

14.30 

-43.92 

1100 

35 . 56 

- 9.58 




1200 

38.51 

-10.34 




1300 

41.35 

-11.06 




1400 

44.04 

-11.77 





^American Instifute of “Temperature — Its Measurement and Control 

in Science and Industry,” New York, Reinhold Publishing Corp., 1941. 
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TABLE XVI 

Thermal E.at.f. of Some Alloys Relative to Platinum 


Temp. 

rc.) 

Man- 

guniti 

(lUV.) 

Gold- 
Cliro- 
iniuui 
j (niv.) 

Copper- 

Beryl- 

lium 

(mv.) 

Yellow 

brass 

(mv.) 

Pbosplier 

bronze 

(mv.) 

Solder 

50Sn- 

50Pb 

(mv.) 

Solder 
96.5Sn- 
1 3.5Ag 
(mv.) 

0 

■ ■ 0 

0 

0 

0 

0 

0 

0 

+ J00 , 

+0.()1 

-0.17 

+0.67 

+0.60 

+0.55 

+ 0.46 

+0.45 

200 

1.55 

-0.32 

1.62 

1.49 

1.34 



300 

2.77 

-0.44 

2.81 

2.58 

2.34 



400 

4 . 25 

-0.55 

4.19 

8.85 

3.50 



500 

5.95 

-0,63 


5.30 

4.81 



()0() 

7.84 

-0.66 


6.96 

6.30 




''I'emp. 

(°C.) 

18-8 

Stainle.ss 

steel 

(mv.) 

Spring 

steel 

(mv.) 

80Ni- 

20Cr 

(mv.) 

OONi- 

24Fe- 

16Cr 

(mv.) 

Copper 
coin 
(95 Cu- 
4Sn-lZn) 
(mv.) 

Nickel 

coin 

(75Cu- 

25Ni) 

(mv.) 

Silver 

coin 

(90Ag- 

lOCu) 

(mv.) 

0 

0 

0 

0 

0 

0 

0 

0 

+ 100 

+0.44 

+ 1.32 

+ 1.14 

+ 0.85 

+0.60 

- 2.76 

+0.80 

200 

1.04 

2.63 

2.62 

2.01 

1.48 

- 6.01 

1 . 90 

300 

1.76 

3.81 

4.34 

3.41 

2.60 

- 9.71 

3.25 

400 

2.60 

4.84 

6 . 25 

5.00 

3.91 

-13.78 

4.81 

500 

3 . 56 

5.80 

8.31 

6.76 

5.44 

-18.10 


600 

4 . 67 

6.86 

10.53 

8.68 

7. 14 

-22.59 

8 . 64 

700 

5.93 


12.91 

10.78 




800 

7.37 


15.44 

13.06 




900 

8.99 


18.11 

15.50 




1000 



20.91 

18.10 





^American IrislitMte of Physics, “Temperature— Its Measurement and Control 
in Soioncf! and Induslry,” New York, Reinhokl Publishing Corp., 1941. 



412 Temperature Measurement 

TABLE XVP 

Electrical Eesistivity as a Function of Temperature^ 

[At 0°C. both the relative (Rt/Ro) and actual resistivity (microhm-cm.) 
are given] 


Temp. 

rc) 

Platinum 

(Rt/Ra) 

Copper 

(Rt/Ro) 

. 

Nickel 

(Rt/Ra) 

Iron 

(Rt/Ro) 

Silver 

(Rt/Ra) 

90% Pt- 
10% Eh 
(Rt/Ra) 

87% Pt- 
13% Rh 
(Rt/Ra) 

-200 

0.177 

0.117 



0.176 



-100 

0.599 

0.557 



0.596 



0 

1.000 

1.000 

1.000 

1.000 

1. 000 

1.000 

1.000 


(9.83) 

(1.56) 

(6.38) 

(8.57) 

(1.50) 

(18.4) 

(19.0) 

+100 

1.392 

1.431 

1.663 

1.650 

1.408 

1 . 166 

1.156 

200 

1.773 

1.862 

2.501 

2.464 

1.827 

1.330 

1.308 

300 

2,142 

2.299 

3.611 

3.485 

2.256 

1.490 

1.456 

400 

2.499 

2.747 1 

4.847 

4.716 

2.698 1 

1.646 

1.601 

500 

2.844 

3.210 

5.398 

6.162 

3.150 

1.798 

1.744 

600 

3.178 

3 , 695 

5.882 

7.839 

3.616 

1.947 

1.885 

700 

3.500 

4 . 208 

6.327 

9.790 

4.094 

2.093 

2.023 

800 

3.810 

4.752 

6.751 

12.009 

4 . 586 

2.234 

2.157 

900 

4.109 

5.334 

7.156 

12,790 

5,001 

2,370 

2.287 

1000 

4.396 

5.960 

7.542 

13.070 


2,503 

2,414 

1100 

4.671 




i 

2.633 

2.538 

1200 

4 . 935 





2.761 

2,660 

1300 

5 . 187 





2 . 887 

2.780 

1400 

5.427 



1 ...... 


3.011 

2.898 

1500 

5.655 





3.133 

3.014 


'■American Institute of Physics, “Temperature — Its Measurement and Control 
in Science and Industry,” New York, Reinhold Publishing Corp., 1041. 

“ The values below 0°C., in mo.st cases, have not been determined on the same 
samples a.s the values above 0°C. 
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TABLE XVI. — (Continued) 


Temp. 

CO 

80Ni- 

20Cr 

(Ri/Bo) 

60Ni- 

24Fe- 

16Cr 

(Rt/Ro) 

50Fe- 

30Ni- 

20Cr 

(Rt/Ro) 

Chromel 
P (90Ni- 
lOCr) 
(Rt/Ro) 

1 

Alumel 
95Ni-Bal 
A1 Si and 
Mn 

(Rt/Ro) 

Constan- 
tan (55 
Cu-45Ni) 

(RJR,/) 1 

Manga- 

nin 

(Rt/Ro) 

0 

1.000 

1.000 

1.000 

1.000 

■ 1.000 

1 . 000 

1.000 


(107.6) 

(111.6) 

(99.0) 

(70.0) 

(28,1) 

(48.9) 

(48.2) 

100 

1.021 

1.025 

1.037 

1.041 

1.239 

0.999 

1.002 

200 

1.041 

1.048 

1.073 

1.086 

1.428 

0.996 

0.996 

300 

1.056 

1.071 

1.107 

1.134 

1 . 537 

0.994 

0.991 

400 

1.068 

1.092 

1 . 137 

1.187 

1 . 637 

0.994 

0,983 

500 

1.073 

1.108 

1.163 

1.222 

1.726 

1.007 


600 

1.071 

1.115 

1.185 

1.248 

1.814 

1.024 


700 

1 . 067 

1.119 

1.204 

1.275 

1.899 

1.040 


800 

1 . 066 

1.127 

1.221 

1.304 

1.982 

1.056 


900 

1.071 

1 . 138 

1.237 

1.334 

2.066 

1,074 


1000 

1.077 

1.149 

1.251 

1.365 

2.150 

1.092 


1100 

1200 

1.083 



1.397 

1.430 

2.234 

2,318 

1.110 
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Temperature Measurement 


TABLE XVII 

Spectral Emissivitt of Materials, Surface Unoxidizbd 


Element 

eO.B5|t 

Element 

Co.eSju 

Solid 

Liquid 

Solid 

Liquid 


0.61 

0.61 


0.36 

0.40 


0. 80-0. 93 



0.63 

0.65 


0.34 

0.39 


0.43 



0.36 

0.37 


0.54 

0 . 34 


0.37 

0.40 


0.35 

0.32 


0.10 

0.15 


0.35 

0.35 


0.55 

0.38 


0.32 

0.30 

Gold 

0.14 

0.22 

Steel 

0.35 

0.37 

Iridium 

0.30 


Cast Iron 

0.37 

0.40 

Iron. 

0.35 

0.37 

Constantan 

0 . 35 


Manganese 

0.59 

0.59 

Monel 

0.37 


Molybdenum 

0.87 

0.40 

Chromel P 



Nickel 

0.36 

0.37 

(90Ni-10Cr) 

0 . 35 


Palladium 

0.33 

0.37 

80Ni-20Cr 

0.35 


Platinum 

0.30 

0.38 

OONi-24Fe-16Cr.. . , 

0.36 


Rhodium 

0.24 

0.30 

Alumel 



Silver 

0.07 

0.07 

(95Ni; Bal. Al, 



Tantalum 

0.49 

. 

Mn, Si) 

0.37 





90Pt-10Rh 

0.27 




Appendix 415 

TABLE XVIII 

Spectbai. Emissivity of Oxides 

T. he emissi vity of oxides and oxidized metals depends to a large extent 
upon the ronglmess of the surface. In general, higher values of emissivity 
are obtained on the rougher surfaces. 



eo.f% 

€(). G5^ 


Eange of 

Probable value for 


observed 

the oxide formed 


values 

on smooth metal 

Aluminum oxide 

0.23 to 0.40 

0.30 

Bei’yllium oxide 

0.07 to 0.37 

0.35 

Cerium oxide 

0.58 to 0.80 


Chromium oxide 

0.60 to 0.80 

0.70 



0 75 

Columbium oxide 

0.55 to 0.71 

0.70 

Copiier oxide 

0.60 to 0.80 

0.70 

Iron oxide 

0.63 to 0.98 

0.70 

Magnesium t>xide 

0.10 to 0.43 

0.20 

Nickel oxiflo 

0.85 to 0.90 

0.90 

Tliorinm ovule 

0.20 to 0,57 

0,50 

'I’in oxide 

0.32 to 0.00 


Titanium oxide 


0.50 

Uranium oxide 


O.SO 

Vana,dium oxide 


0.70 

Yttrium o.vide 


0.60 

Zirconium oxide 

0.18 to 0,43 

0.40 

Alumel (oxidizeill 


0.87 

C’ast Iron (oxidized) 


0.70 

Chromel P (DONi-lOCr) (oxidized). . . 


0.87 

80Ni-"i0Cr (oxidized). 


0.90 

()0Ni-'-34 Fe- 1 bCr (oxidized) 


0.83 

.‘j5Fe~}57..'}Cr-7.oAl (oxidized) 


0.78 

7()Fe-'ii8Cr-aAl-^2Co (oxidized) 


0.75 

Constantau (o.'jiCn-loNi) (oxidized).. 


0.84 

Caz’bon Steel (oxidized) 


0.80 

Stainh^s.s Steel (18-8) (oxidized) 


0.85 

Porcelain 

0.25 to 0.50 
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TABLE XIX 

Total Emissivity of Metals, Subface Unoxidized 


Material 



100°C. 

500°C. 

1000°C. 

1500°C. 

2000°C. 


0.022 

0.028 

0.060 





0 . 048 

0.061 





0.081 

0.081 

0.079 





0.08 






0.13 

0.23 



Columbium . 


0.02 

(Liquid 

0.15) 

0.19 

0 . 24 

Gold 


0.02 

0.03 



Iron 


0 . 05 




Lead 


0 . 05 





Mercury 

0.10 

0.12 





Molybdenum 


0.13 

0.19 

0,24 

Nickel 

0 . 045 

0.06 

0 . 12 

0.19 

Platinum 

0.037 

0.047 

0 . 096 

0 . 152 

0.191 


Silver 

0.02 

0.035 


Tantalum 



0.21 

0.26 

Tin i 

1 0.043 

0.05 



Tungsten i 

1 0.024 

i 0.032 

0.071 

0.15 

0.23 

0.28 

Zinc. 

(0.05 at 
0.035 

!300°C.) 
0.035 ! 
0.21 

Brass 





Cast iron 


(Liquic 

(Liqui( 

1 0.29) 
10.28) 


Steel. . . i 


0.08 
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TABLE XX 


Total Emissivtty of Miscellaneous Materials 
(Most values are uncertain by 10 % to 30 %. In many cases value depends 
on particle size) 


Material 

Temp. (°C.) j It 


300 

n VI 


600 

0 ! It) 





000 

0.59 



n oi> 


.500 

0.26 

Caloriised copper (oxiilized) 

200 

0.18 


600 

0.19 



ft >-0 


600 

0.37 

Cast iron (strongly oxidized) 

40 

0.95 


230 

0.95 





600 

o!78 





lOOO 

0,6 










iHoar frost (.1 to. Snim. thick) 

0 

.985 





300 

0.84 


1200 

0.89 

Iron (iTLstccl) 



Lciid (oxidized) 

200 

0.63 

IVloiicl (oxidizyd) 

200 

0.43 


600 

0.43 

Nickel (oxidizetl) 

200 

0.37 


1200 

0.85 

roi^'h lime 

10-1)0 

,91 


1000 

0,80 


1100 

o!85 

Steel (oxidized) ' * 

.23 

0.80 


200 

0.79 


600 

0.79 


40 

0.94 

' 

400 

0.97 

iWater. - 

20 

.965 

iWct ice . 

0 

,906 

Wrought iron (dull oxidized). 

2,3 

0.94 


330 

0.94 

20Ni-2SGr-5.'5Fe (oxidized) 

300 


(50Ni-12Cr-28Fe (oxidized) 

270 

0,89 


560 

0,82. 

80Ni“20C (oxidized) 

100 

0.87 


600 

0.87 


1300 

0.89 


1 H. W. McAdams, Heat Transmission, Table I, “from Hottel.” New York: McGraw-Hill, 1033, 
j). 383. 



418 Temperature Measurement 

TABLE XXI 

True TE^^PERATuREs Corresponding to Various Emissivities and 
Various Temperatures Observed with an Optical Pyrometer 
The Temperatures, in "C, are for X = 0.65/1 and Ca = 1.432 cm. deg. 

Observed temperature in headings, true temperature 

SP^^ctral 


emis- 


sivity 

700 800 

900 

1000 

1100 

1200 

1300 

1400 1600 

1800 

2000 

0.05 

848 983 

1123 

1266 

1415 

1569 

1728 

1849 2240 

2614 

3017 

0.10 

810 935 

1064 

1195 

1330 

1468 

1609 

1754 2056 

2373 

2708 

0.15 

789 909 

1032 

1157 

1284 

1414 

1546 

1682 1960 

2250 

2552 

0.20 

|774 891 

1010 

1130 

1253 

1378 

1504 

1683 1897 

2170 

2453 

0, 25 

763 878 

993 

1111 

1230 

1350 

1473 

1597 1850 

2111 

2379 

0.30 

755 867 

980 

1095 

1211 

1329 

1448 

1568 1814 

2065 

2322 

0.35 

747 858 

969 

1082 

1196 

1311 

1427 

1545 1783 

2027 

2276 

0.40 

741 850 

960 

1071 

1183 

1296 

1410 

1525 1758 

1996 

2237 

0.45 

736 843 

952 

1062 

1172 

1283 

1395 

1508 1736 

1968 

2204 

0.50 

731 837 

945 

1053 

1162 

1272 

1382 

1493 1717 

1945 

2175 

0.55 

726 832 

939 

1046 

1153 

1261 

1370 

1480 1700 

1923 

2149 

0.60 

722 827 

933 

1039 

1145 

1252 

1360 

1467 1685 

1905 

2126 

0.65 

719 823 

927 

1032 

1138 

1244 

1350 

1457 1671 

1888 

2106 

0.70 

716 819 

923 

1027 

1131 

1236 

1341 

1447 1659 

1872 

2087 

0.75 

712 815 

917 

1021 

1125 

1229 

1333 

1437 1647 

' 1858 

2069 

0.80 

00 

O 

914 

1017 

1119 

1222 

1325 

1429 1636 

1844 

2054 

0.85 

707 809 

910 

1012 

1114 

1216 

1318 

1421 1626 

1832 

2039 

0.90 

704 805 i 

907 

1008 

1109 

1210 

1312 

1413 1617 

1821 

2025 

0.95 

702 803 

903 

1004 

1104 

1205 

1306 1 

1407 1608 

1810 

2012 

1.00 

,700 800 

900 

1000 

1100 

1200 

1300 

1400 1600 

1800 

2000 
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TABLE XXI 

Tiute Temperatures Corresponding to Various Values op Total 
Emissivity and Various Brightness Temperatures 
(All temperatures in °C.) 


Total 

emis- 


Observed temperature in headings, true temperature in 
body of table 


sivity 

100 

200 

300 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

0.05 

422 

686 

916 

1137 

1567 

1993 

2317 

2841 

3264 

3687 

4110 

0.10 

316 

536 

728 

913 

1275 

1632 

1989 

2345 

2701 

3057 

3413 

0.15 

264 

460 

633 

799 

1126 

1449 

1771 

2093 

2415 

2736 

3058 

0.20 

231 

410 

571 

725 

1029 

1330 

1629 

: 1929 

2228 

2527 

2827 

0.25 

207 

375 

526 

672 

958 

1243 

1526 

1809 

2093 

2376 

2658 

0.30 

189 

847 

491 

630 

904 

1175 

1446 

1717 

1987 

2258 

2528 

0.35 

175 

325 

463 

596 

860 

1121 

1381 

1642 

1902 

2162 

2422 

0.40 

164 

307 

439 

568 

823 

1075 

1327 

1579 

1830 

2082 

2333 

0.45 

154 

291 

419 

544 

791 

1036 

1281 

1525 

1769 

2014 1 

2258 

0.50 ' 

146 

278 

402 

523 

763 

1002 

1240 

1478 

1716 

1954 

2192 

0.55 

138 

266 

387 

505 

739 

972 

1204 * 

1437 

1669 

1902 

2134 

0.60 

132 

255 

373 

489 

718 

945 

1173 

1400 

1628 

1855 

2082 

0.65 

126 

246 

361 

474 

698 

921 

1144 

1367 

1590 

1813 

2036 

0.70 

121 

238 

350 

461 

680 

900 

1119 

1337 

1556 

1775 

1993 

0.75 

117 

230 

340 

448 

664 

880 

1095 

1310 

1525 

1740 

1955 

0.80 

113 

223 

331 

437 

649 

861 

1073 

1284 

1496 

1707 

1919 

0.85 

100 

217 

322 

427 

636 

844 

1053 

1261 

1469 

1678 

1886 

0.00 

106 

211 

314 

417 

623 

828 

1034 

1239 

1445 

1650 

1855 

0.05 

103 

205 

307 

408 

611 

814 

1016 

1219 

1422 

1624 

1827 

1.00 

100 

200 

300 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 



420 


Temperature Measurement 

TABLE XXII 
Pkopebties of Tungsten 
(The values of Cc, To, and T'o.Gs/i have been calculated from the spectral 
emissivities eo.fisM and €o.467ju) 


True 

tem- 
pera- 
ture 
{T °K.) 

Relative 

resistance 

Normal 
bright- 
ness 
(New 
candles 
per cm.*) 

Spectral 

emissivity 

Color 

emis- 

sivity 

Total 

emis- 

sivity 

Bright- 

ness 

tem- 

pera- 

ture 

T 0 . 66/^ 

Color 

tem- 

l^era- 

ture 

Tc 

eo. b5M 

eo.4e7M 

300 

1 12 


0.472 

0.505 


0.032 



400 

1.58 





.042 



500 

2.07 





.053 



600 

2.58 



..... 


.064 



700 

3.11 





.076 



800 

3.65 





.088 



900 

4.21 





.101 



1000 

4.78 

0.0001 

.458 

.486 

0.395 

.114 

966 

1007 

1100 

5.36 

0.001 

.456 

.484 

.392 

.128 

1059 

1108 

1200 

5 . 95 

0.006 

.454 

.482 

.390 

. 143 

1151 

1210 

1300 

6.55 

0.029 

.452 

.480 

.387 

.158 

1242 

1312 

1400 

7.16 

0.11 

.450 

.478 

.385 

.175 

1332 

1414 

1500 

7.78 

0.33 

.448 

.476 

.382 

.192 

1422 

1516 

1600 

8.41 

0.92 

.446 

.475 

.380 

.207 

1511 

1619 

1700 

9.04 

2.3 

.444 

.473 

.377 

.222 

1599 

1722 

1800 

9.69 

5.1 

.442 

.472 

.374 

.236 

1687 

1825 

1900 

10.34 

10.4 

.440 

.470 

.371 

.249 

1774 

1928 

2000 

11,00 

20.0 

.438 

.469 

.368 

.260 

1861 

2032 

2100 

11.65 

36 

.436 

.467 

.365 

.270 

1946 

2136 

2200 

12.33 

61 

.434 

.466 

.362 

.279 

2031 

2241 

2300 

13.01 

101 

.432 

.464 

.359 

.288 

2115 

2345 

2400 

13.69 

157 

.430 

.463 

.356 

.296 

2198 
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3200 
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2100 
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.410 
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.328 
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21.56 
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.320 
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3063 
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29. .30 
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Appendix 


TABLE XXIII 

Relative Humidity from Wet- and Dry-bulb Thermometer Readings 
IN Still Air 

Calculated for a barometer height of 755 mm. At altitudes of 6,000 
feet or over the reduction in barometric pressure will cause an error of 
5 per cent or over at very low humidities. 

Dry Bulb 
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Temperature Measurement 


TABLE XXIV 

Fhessuee of Saturated Water Vapor 
T in deg C.; P in mm. Hg 
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